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ABSTRACT

Despite the incredible success in reducing the overpotential of nonprecious catalysts
for acidic hydrogen evolution reaction (HER) in the past few years, the stability of most
platinum-free electrocatalysts is still poor. Here, we report an ultrastable electrocatalyst
for acidic HER based on two-dimensional (2D) molybdenum disulfide (MoS>) doped
with trace amount of palladium (<5 ug cm™2), which creates sulfur vacancies (S-
vacancies). The optimized catalyst shows stable operation over 1000 h at 10 mA cm™
with overpotential of 106 mV. The MoS; catalyst is stabilized on a defective vertical
graphene support, where the strong interaction at the 2D-2D interface increases the
adhesion between the catalyst and the support. Palladium (Pd) doping generates rich
sulfur vacancies in MoS; that have a twofold role: (1) increasing hydrogen adsorption
energy, which enhances activity; and (2) further increasing the adhesion between
graphene support and defective MoS,, and thus enhancing stability. Complementary
theoretical studies reveal the reaction pathways for substitutional doping, where the
Mo-vacancy sites are prior to be doped by Pd. Our work thus offers a strategy for
making stable, efficient, and earth-abundant HER catalysts with strong potential to

replace platinum for PEM electrolysis.
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1. Introduction

Hydrogen fuel is one of the most promising energy carriers for a sustainable energy
future because it can address both energy issue (high energy density) and environment
concern (free of carbon emission).[1-4] However, hydrogen is clean and renewable only
when it is made from water electrolysis, instead of fossil fuel. A truly sustainable energy
future can be achieved if hydrogen is made from water electrolysis that is driven by
renewable energy sources such as wind or solar.[5] However, these renewable energy
sources are usually intermittent and uncontrollable,[6] which is only compatible with
water electrolysis technology that can operate dynamically in a wide potential window.
To this end, proton-exchange membrane (PEM) electrolysis,[7] which has high partial
load capability, is the most promising technology that could become truly sustainable
when it is driven by renewable energy sources. Nevertheless, commercial PEM
electrolysis relies heavily on precious catalysts including platinum (Pt) and
ruthenium/iridium.[8] Hence, developing Pt-free catalysts or catalysts with minimized
Pt loading is of great significance for large-scale production of hydrogen through PEM
electrolysis technology driven by renewable energy sources.

Molybdenum disulfide (MoSz) is regarded as one of the most promising
alternatives to Pt in PEM electrolysis for hydrogen evolution reaction (HER).[9, 10]
There are three types of active sites on MoS, HER catalyst reported to date including
edge-sites,[10] 1T-phase,[11] and sulfur vacancies (S-vacancies) in the basal plane of
2H phase.[12, 13] Edge-sites are, however, abundant only when MoS; nanoparticles

are extremely small, and it is a challenge to distribute tiny nanoparticles on a catalyst



support in a uniform fashion.[14] The 1T-phase is active but metastable.[15] S-
vacancies on the basal plane of 2H-phase MoS; are very abundant, and strained S-
vacancies have shown an unprecedented turnover frequency.[12, 16] Nevertheless,
three major challenges remain: (1) poor stability under acidic HER conditions, (2) the
lack of methods to introduce S-vacancies in bulk MoSz, and (3) the high sensitivity of
the HER activity to the concentration of S-vacancies (or %S-vacancy). The first
challenge arises from the tradeoff between the activity and stability of the catalyst,
similar to most acidic HER electrocatalysts.[17] The long-term stability of nonprecious
HER electrocatalysts in acidic media remains poor (most of them show no more than
100-h stability at 10 mA cm) [18, 19], though the catalytic activity has been greatly
improved to be close to that of Pt.[20-22] Techniques to increase the stability without
compromising the high activity of Pt-free HER electrocatalyst is therefore critical
towards their wide adoption.

The highly active S-vacancies can be created in MoS; by mild argon plasma
etching,[23] electrochemical reduction,[24] or metal substitutional doping.[25, 26] The
argon plasma etching does not work for bulk MoS: (e.g., powder form as in commercial
catalyst) due to the anisotropic nature of plasma etching. On the other hand, the
electrochemical reduction method is sensitive to substrate, and has poor controllability
in nanostructured MoS; because electrochemical desulfurization depends highly on
whether the reduction potential can be effectively applied onto the MoS; surface. In
contrast, the metal substitutional doping method shows great promise to introduce S-

vacancies into bulk MoS: in a controllable way. However, the detailed reaction



mechanisms are unclear.[25]

Herein, we address the aforementioned challenges in two ways: (1) we stabilize
the 2D MoS; electrocatalyst on 2D defective graphene support by forming a stable 2D-
2D interface, and (2) we introduce S-vacancies using optimized Pd substitutional
doping. The optimized catalyst shows low overpotential close to 100 mV at 10 mA cm’
2 and its superior performance remains stable for over 1000 h in acidic media (0.5 M
sulfuric acid). The catalyst with 3D open structure also offers high current density with
excellent stability (over 180 h at 80 mA cm™). To the best of our knowledge, this
combination of low overpotential, high current density, and superior stability in acidic
media far exceeds the performance of previously reported MoS;-based HER

electrocatalysts.[27]

2. Experimental

2.1. Samples preparation

Ammonium tetrathiomolybdate [(NH4)2MoS4] and PdCl> were purchased from Sigma-
Aldrich, and DMF (N, N-dimethylformamide) was purchased from Sinopharm
Chemical Reagent Co., Ltd., and all chemicals were used as received. Carbon fiber
paper (CFP, TGP-H-060, Toray, Japan) served as substrate with 4x4 cm? in size, and it
was ultrasonically cleaned by acetone, ethanol, and deionized water for 10minuts,
respectively. For the growth of vertical graphene, microwave plasma enhanced
chemical vapor deposition (MPECVD) equipment was adopted with CH4 and H; as

reaction gases and Argon as carrier gas. The flow rates of CH4, Ho, Ar were 30 sccm,



0.9 sIm and 21.5 sIm, respectively. And the deposition process was carried out at an
input plasma power of 18kW for 3 min, as well as a fixed pressure of 800 Pa.
Solvothermal method was used for the hybrid of MoS; and vertical graphene. In detail,
30 mg (NH4)2MoSs was dissolved into 30 mL dry DMF before the solution was
transformed into 45 ml Teflon-sealed autoclave, then a piece of CFP covered with
vertically graphene on the surface was putted and the autoclave was heated at 200°C
for 15 hours to give VGN@MoS,. For the Pd doping, VGN@MoS; was immersed into
PdCl; solution with different weight concentrations of PdCl, powder to water (0.2%o,
0.1%o, 0.05%,, and 0.025%o) at 50°C for 2 hours. Perfect 2H-MoS; flakes on Si/SiO>
wafer were grown by chemical vapour deposition (CVD), with molybdenum trioxide
(MoO3) and sulphur (S) powder as sources in a tube furnace.[12] The Pd doped CVD
MoS. sample for microRaman characterization was prepared by soaking the sample in
0.2%0 PdCl; solution at 50°C for 2 hours.

2.2. Characterizations

The morphologies were characterized via field-emission scanning electron microscopy
(FESEM; Thermo scientific, Verios G4 UC and Hitachi, S-4800) and transmission
electron microscopy (TEM; Themo Fisher, Talos F200x, 200 kV). Energy dispersive
X-Ray spectrometry (EDS) analyses were conducted by the same TEM equipment
equipped with a four-quadrant FEI Super-X detector, and Thermo scientific Verios G4
UC FESEM equipment equipped with an Oxford instrument X-max 50 EDX detector.
X-ray diffraction (XRD; Bruker D8 Advance Davinci) was used to investigate the

structure information using Cu Ko (A = 1.5406 A) radiation. Raman spectra were



collected by using a Renishaw in Via reflex spectrometer at an excitation wavelength
of 532 nm at room temperature. And X-ray photoelectron spectroscopy (XPS)
information was recorded by an AXIS ULTRA DLD Kratos system with Al Ko X-ray
source (hv = 1486.8 e¢V). The concentrations of ions were measured by inductively
coupled plasma optical emission spectra (ICP-OES, SPECTRO ARCOS II, Germany).
The samples (4 cm?) were dissolved in concentrated nitric acid (10 mL) under heating
for 2h firstly before further washed sufficiently with aqgueous ammonia, and all solution
was transferred to a 25 ml volumetric flask for quantification with DI water. Raman
characterization was performed using a WITEC alpha300 R confocal Raman system in
air ambient environment. The excitation laser line was 532 nm and the intensity was set
as low as 1.4 mW to avoid heating effect while the Raman peaks remained prominent.
Before the characterization, the system was calibrated with Si peak at 520 cm™ to keep
the measurement consistent. The Raman emission was collected by an Olympus 100 x
objective (N.A. = 0.8) and dispersed by a grating of 1800 lines mm™. For each spot in
the Raman mapping, the moving step of the piezo-stage was set to 250 nm with an
integration time of 0.5 s.

2.3. Electrochemical measurements

Electrochemical measurements excluding stability test were carried out on one
electrochemical workstation (Biologic VSP-300, France), and stability tests were
recorded on another instrument (CHI 660E, China). All LSV (linear sweep
voltammetry) tests were conducted in a three-electrode cell in 0.5 M H2SO4 solution

with the potential sweep rate at 2 mV s™*. Electrochemical impedance spectroscopy (EIS)



was carried out on the open-circuit potential in the frequency range from 10° Hz to 0.1
Hz. A saturated Ag/AgCl electrode served as a reference electrode and the VGN@Pdx-
MoS: served as working electrode directly, and all the potentials were referenced to the
reversible hydrogen electrode (RHE) with 85% iR correction (automatic compensation
of the iR drop in three-electrode systems by an electrochemical workstation, where the
series resistance Rs was obtained under open-circuit voltage prior to starting the
experiments) for LSV curves and full iR correction (manual iR compensation, where
Rs was obtained from EIS result under open-circuit voltage) for V-t curves. The
measured potentials were converted to RHE using the equation: E(RHE) = E(Ag/AgCl)
+ 0.0591 X pH + 0.197 V. The electrochemical double layer capacitance (Ca) was
measured by cyclic voltammetry (CV) curves in non-Faradaic region with different
scan rates of 10, 20, 40, 60, 80, 100 mV s™. A piece of carbon fiber paper served as
counter electrode during stability tests and it was replaced by a new one every 100
hours, and Pt wire was chosen as counter electrode for the other measurements.

2.4. DFT Simulations

First-principles density functional theory (DFT) calculations were performed using the
Vienna Ab-initio Simulation Package (VASP).[28] The interactions with core electrons
were simulated by the Projector Augmented Wave (PAW) method[29] and the
exchange-correlation energy was described with the generalized gradient
approximation (GGA)[30] using the revised Perdew-Burke-Ernzerhof (RPBE)
functional.[31] Spin-polarization effects were considered and van der Waals (vdW)

interactions were described by the DFT-D2 method of Grimme.[32] Plane wave basis



functions were expanded with cut-off energy of 520 eV and k-points were sampled
using 3 x 3 x 1 for the structural relaxations. Calculations were continued until the
energy and force converged within 1x10° eV and 0.02 eV A, respectively. To prevent
interactions among the image clusters, a vacuum of 15 A perpendicular to the surface
was inserted.
The defect (Edgefect) and doping (Edoping) fOormation energies were calculated as
Egefect = Edefected — Epr + Us/mo (eq 1)
Egoping = Edoped — Epr — Epd (eq 2)
where, Egefectedr Edoped» Epr and ps/mo are, respectively, the total energy of
system with atomic defect(s), dopant(s), pristine slab, and chemical potential of S and
Mo. The chemical potential of Mo satisfies the equation s, = Mo + 21s under
thermodynamic equilibrium, where py,s, is the chemical potential of MoS; in a
pristine sheet and the S chemical potential was obtained as total energy of bulk alpha-
S divided by the number of atom.[33] The energy of Pd (Ep;) was calculated as the
atomic energy of Pd in PdCl..
The Gibbs free energy of hydrogen adsorption (AGr) was defined as
AGy = (EH* — Epy — %EHZ) + AEypg — TAS (eq 3)

where, Ey- is the energy of the slab with H* adsorbed, and Ey, is the hydrogen gas
reference. The asterisk (*) denotes the adsorption site of hydrogen atom. Also, AEzpE,
T and AS refer to the zero-point energy corrections, temperature and the entropy
difference between the gas and adsorbed phase.[34]

Relative energetic phase stability between the 2H and 1T structure (AE) was evaluated



as
AE = EQ2H) — E(1T) (eq 4)

where E(2H) and E(1T) mean total energy of catalysts with Pd-doping induced S-
vacancy in 2H- and 1T-phase, respectively. The negative (positive) AE indicates that
the 2H (1T) structure is more stable.
DFT calculations for adsorption between MoS; and VGN were performed using the
Atomic Simulation Environment (ASE) with Quantum Espresso code using plane-wave
ultrasoft pseudopotentials following our former reported methods,[35] where single
graphene layer and single MoS; layer are chosen for study their interface interaction.
The adsorption energy of MoS> on the graphene support was defined by:

AE (ads) = (E(MoS, + graphene) — E(MoS,) — E(graphene))/Nc (eq 5)
Where the adhesion energy of MoS; on the support was normalized to the number of

carbon atoms Nc in the supercell.

3. Results and Discussion
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Fig. 1. Schematic illustration of hydrogen evolution catalyzed by palladium-doped
MoS. anchored on vertical graphene. The substitutional palladium doping induced
sulfur vacancies optimize the hydrogen adsorption energy, and thus boost the catalytic
activity. The open network and high surface area of vertical graphene network lead to
high electrochemical capacitance. Most importantly, the defective graphene and doped
MoS; interacts strongly at their interface, resulting in the superior stability of the
catalyst. The blue, yellow, pink, grey and white balls represent Mo, S, Pd, C and H
atoms, respectively. The solid and open dotted circles label the carbon defects (C-
defects) in graphene and sulfur vacancy (S-vacancy) in doped MoS, respectively. The

blue circles with various sizes show the hydrogen bubbles.

The cathode structure is illustrated in Fig. 1, where the catalyst (MoS; with S-

vacancies) is supported on a vertical graphene network (VGN) substrate. The S-
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vacancies are introduced by Pd substitutional doping, where a Pd atom replaces a Mo
atom in the lattice. Such a cathode geometry has a few advantages (1) stable 2D-2D
interface with minimum surface energy stabilizes the 2D MoS: electrocatalyst on 2D
graphene, (2) defects in graphene arising from the mesoplasma during VGN synthesis
enhance the catalyst-support interaction and further increase the stability, (3) VGN
support has an open structure that allows efficient ion transport and large catalyst-
electrolyte contact area, and (4) high electrical conductivity of VGN due to high
synthesis temperature (900 °C) minimizes the Ohmic loss and further decreases
overpotential. The brief fabrication process of the cathode is as follows (see Methods
for details). Firstly, VGN was grown on carbon fiber paper (CFP) in mesoplasma-
enhanced chemical vapor deposition (MPECVD) equipment. The growth process was
carried out with an input plasma power of 18 kW for 3 min at 900 °C. The as-grown
VGN consists of a network of standing defective graphene flakes with many open pores
(Fig. S1). The VGN coated CFP offers a perfect catalyst support with hierarchical open
structure, excellent electrical conductivity, high-surface area, and chemically active
surface. Then, MoS: was grown on the support using solvothermal method followed by
Pd doping, which was performed by simply soaking the VGN@MoS, sample in
palladium chloride (PdCl) solution. The morphology analysis from scanning electron
microscopy (SEM) images (Fig. 2a and 2b, Fig. S1) indicates that VGN@MoS: and
VGN@Pdo2>-Mo0S2, where the subscript 0.2 denotes the initial concentration of PdCl»
in permillage, have vertical structure with ample open pores inheriting from VGN. Such
an open vertical structure facilitates transport of electrolyte to inner space of the

12



complex geometry, resulting in large contact area between electrolyte and catalyst.
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Fig. 2. Catalyst material characterization. SEM images of (a)VGN@MoS,, and
(b)VGN@Pdo.>-M0S,. Scale bars in (a) and (b) are 500 nm. (c) Raman spectra of
VGN@Pdo.>-Mo0S; and VGN@MOoS;. (d-f) XPS spectra of S 2p, Mo 3d and Pd 3d states,

respectively, of VGN@Pdx-MoS>, where x varies between 0.2 and 0.025.

It is worth noting that MoS, grown on VGN results in thin MoS; flakes, as shown
in Fig. 2a (see Fig. S1, Fig. S2a for more details), where no obvious MoS cluster is
evident, while the direct growth of MoS, on CFP (CFP@MoS;) forms large clusters
(Supplementary Fig. S2b). The atomic ratios of S to Mo is ~2.1, indicating the
nonstoichiometric MoS growth, and all elements of C, O, Mo, S exhibit uniform
distributions in the hybrid VGN@MOoS; system, as shown in Fig. S2. Transmission
electron microscopy (TEM) images further confirm the heterostructure of VGN@MoS,,

as displayed in Supplementary Fig. S3. The translucent nanosheets in Fig. S3a indicate
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ultrathin MoS: flakes grown on ultrathin graphene. High-resolution TEM (HRTEM)
image in Supplementary Fig. S3b reveals that only few-layer-thick MoS; (with lattice
fringe of 0.66 nm) were grown on graphene layers, indicating VGN limited the growth
of MoS;, also consistent with previous reports[36, 37]. The selected area electron
diffraction (SAED, inset of Fig. S3b) pattern suggests the catalyst has poor crystallinity.
The element distributions in VGN@Pdo.2-MoS; (See Fig. S3c for TEM image) were
obtained from scanning TEM-energy dispersive X-ray spectroscopy (STEM-EDS)
images (Supplementary Fig. S3e and S3f). The results show that different elements
including C, S, Mo, Pd have fairly uniform distributions in the entire nanosheet except
for minor aggregations of S and Mo elements, which could be caused by folding of
MoS:; flakes. Otherwise, thin-layer MoS; and 2D heterostructure of MoS> and graphene
could still be observed in region of thin flake, as displayed in Fig. S3d.

X-ray powder diffraction (XRD) and Raman spectra were carried out to analyze
the structure and crystal information of the hierarchical catalyst. As shown in
Supplementary Fig. S4a, no obvious MoS> peaks appeared in XRD spectrum, which
suggests that MoS: flakes have low crystallinity[38], consistent with SAED analysis.
The Raman spectra (Fig. 2¢) show Ez¢' modes (380 cm™) and Aig modes (406 cm™),
corresponding to 2H-phase Mo0S2.[39] The peaks located at G (1348 cm™) and D (1586
cm™?) indicate defective graphene.[40] Elemental compositions analyses were
conducted by XPS for S 2p, Mo 3d, and Pd 3d states. The S 2p mode in Fig. 2d can be
deconvoluted into six peaks; those at 162.0 eV and 163.2 eV correspond to 2p of S that

forms chemical bonding with Mo or Pd, and 163.3 eV and 164.5 eV belong to S;*
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related to bridging S»> or apical S#, and the others located at 162.8eV and 164.0 eV
may be assigned to unsaturated S? and terminal S,> due to surface reconstruction
arising from reaction between MoS; and PdCl,.[41-43] It is noted that the significant
changes of S peaks represent strong chemically reaction between MoS, and PdClo.
Moreover, the unsaturated S?- and terminal S;? peaks emerge only when concentration
of Pd precursor is more than 0.1%o, i.e., VGN@Pdo2-MoS; and VGN@Pdo.1-MoS>. In
contrast, these two peaks do not appear in VGN@Pdo.05-M0S> and VGN@Pdo.025-M0S>
(Supplementary Fig. S4b), demonstrating the quick chemical reaction between MoS;
and PdCl requires higher initial PdCI2 concentration in solution to trigger. As for Mo
3d in Fig. 2e, the peaks at 229.0 eV and 232.3 eV correspond to 3d of Mo**, and those
at 230.6 eV and 233.8 eV belong to Mo®*, which may be ascribed to inadequate
reduction from ammonium tetrathiomolybdate precursor or slight oxidation of
MoS:.[44, 45] The peaks located at 337.3 eV and 342.5 eV in Fig. 2f belong to Pd?*,[46]
and it is noted that no Pd® peaks appear after the doping reaction. And as the initial
PdCI, concentration increases from 0.025%, to 0.2%o, the intensities of Mo peaks
decrease gradually while those of Pd increase, suggesting more Mo atoms were
replaced by Pd atoms. Considering the lower coordination number of Pd to S atoms,[25]
extra sulfur will leach out of MoS: lattice after Pd introduction, and the reaction
mechanism of this substitutional doping process will be detailed later.

To further quantifying the content of Pd in the doped MoS; catalyst, SEM-EDS
analysis was employed and the results are displayed in Supplementary Fig. S5, which
suggests the weight percentages of Pd in Pdx-MoS: decrease from 7.2%, 3.1%, 1.6%,
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to 05% for VGN@Pdo2-M0S2, VGN@Pdo1-MoSz, VGN@Pdoos-MoSz,
VGN@Pdo.025-M0S», respectively. The initial PdCl> concentration in solution,
therefore, determined the doping concentration of Pd in catalyst. So the controllable
doping of Pd in catalyst can be achieved by adjusting initial PdCI> concentrations in
solution. We further characterized the element concentration by inductively coupled
plasma optical emission spectrometry (ICP-OES), which gives the weight percentage
of Pd to Pdo.2-MoS; for VGN@Pdo.2-M0S; sample as 5.9 % (see Supplementary Fig.
S5g for details), which is close to 7.2% obtained from SEM-EDS analysis. In addition,
ICP-OES results show that the sum of atomic concentrations of Mo and Pd for
VGN@Pdo2-MoS; (0.090 mmol L) is close to that of Mo in undoped VGN@MoS;
(0.088 mmol L), suggesting the substitutional doping of one Pd to one Mo site. ICP-
OES characterizations also give the contents of S element for VGN@MoS: (6.071 mg
L) and VGN@Pdo2-MoS; (5.722 mg L), which indicate the S concentration dropped
by 5.75% after Pd doping process. When VGN is taken into account, the weight
percentage of Pd in the catalyst VGN@Pdo.-MoS, (CFP substrate is excluded) is ca.
1.4%. This corresponds to a Pd mass loading of 0.005 mg cm2, 100-200 lower than that
of the commercial Pt/C catalyst in PEM electrolyzer (0.5-1 mg cm2).[7]
Electrochemical tests were carried out to evaluate activity and stability of the
catalyst. Linear sweep voltammetry (LSV) curves in Fig. 3a show the increased
catalytic performance following the order of VGN@MOoS;, VGN@Pdo.025-M0Sa,
VGN@Pdo.0s-M0S2, VGN@Pdo 1-M0Sz, and VGN@Pdo2-MoS,. VGN@Pdo2-MoS;

shows the best activity with overpotential of 106 mV at current density of 10 mA cm?,
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and those for VGN@Pdo..-Mo0S2, VGN@Pdo.0s-M0S2, and VGN@Pdo 025-MoSz are 131
mV, 152 mV, and 200 mV, respectively. VGN@Pdo.2-MoS:; also affords high current
density of 100 mA cm™ at overpotential of only 191 mV. The electrochemical
impedance spectroscopy (EIS) characterizations indicate increased HER kinetics from
VGN@Pdo.025-M0S2 to VGN@Pdoo-MoS> (Fig. S6a). The Tafel slopes (Fig. 3b) of
VGN@MOoS; (80 mV dec?), VGN@Pdo.025-MoS; (74 mV dec™), VGN@Pdo.0s-M0S>
(67 mV dec), VGN@Pdo1-MoS; (62 mV dec?), and VGN@Pdo 2-MoS; (60 mV dec”
1y also suggest the enhanced HER kinetics after doping. The optimal activity of
VGN@Pdo.>-MoS; exceeds those of most Pd and other metal-MoS2 composite catalysts
(see Supplementary Tables S1 and S2 for details). Otherwise, it is noted that all of our
samples on VGN support show very small resistances (Supplementary Fig. S6a),
suggesting that our VGN has superior electrical conductivity. And remarkably, the
electrochemically capacitances Cqi (Fig. S6b), which are calculated from double layer
area from Supplementary Fig. S6c to S6f, of VGN@Pdo2-MoS; (12.5 mF cm™?) and
VGN@MOoS; (11.4 mF cm) are significantly larger than those of CFP@Pdo2-MoS;
(3.9 mF cm™) and CFP@MOoS; (3.2 mF cm™); owning to the highly dispersive open
structure and larger contact area between catalyst and electrolyte of VGN catalyst
support, which benefits to proton transport efficiently during electrochemical reaction

process.

17



5
pa—
—

O
S—

o

g _SO-CFIS.;:VGN 22 m:, a 0.34 ;8‘0 m-‘\f d‘e‘cﬁl
<é —Z‘:sg::“-:o:z ; /nsm\i © VGN@Pd, ,-MoS,
T 0TMOeS; ! ! prer} 67 mV dec”
;‘ '60'—VGN@Pdn‘-M052 R / % 0.2 el [ }
= ——VGN@Pd, -MoS; ! — ) N@Pd“—Mc_n‘s:
2 90 VGN@Pd, ,,.-Mo$, 8_ (62mV dec™)
g S 0
=120 yenamos ~— 3 comvashy 20% PHIC
= ! 20%; Pt/C my dee (31 mV dec™)
(0] — /| A //
£ 1505205, A 0 e —
8 -0.6 -0.4 -0.2 0.0 00 04 08 12 16 2.0 24
. . -2
Potential (V) vs RHE Log [j (mA cm™)]
(c)
g -0.05 .
T 010 [ ——=current density of 10 mA cm’
o o ‘
g _g;gw“’” |27 mv VGN@Pd, -MoS, 25 mVvV
< -0.20;
= _0.25 “—'current density of 80 mA em?
3 v | 38 MV
£ -0.301 M VGN@Mos,
2035 : : : : .
8 0 200 400 600 800 1000
Time (h)

Fig. 3. Electrochemical performances of the catalysts. (a) LSV curves of CFP, VGN,
CFP@MOoS;, VGN@MO0S;, VGN@Pdo.025-M0S2, VGN@Pdo.05-M0S2, VGN@Pdo.1-
MoS;, CFP@Pdo.2-M0Sz, VGN@Pdo.2-M0S;, and 20% Pt/C in 0.5 M H2SO4 solution
with scan rate of 2 mV s, The overpotentials at 10 mA cm2 for VGN@Pdo2-MoS;
(106 mV) and 20% Pt/C (22 mV) are labelled. (b) Tafel plots of VGN@MoS>,
VGN@Pdo.025-M0S2, VGN@Pdo05-M0S2, VGN@Pdo.1-M0S,, VGN@Pdo >-MoS, and
20% Pt/C. The Tafel slopes of each curve are labelled. (c) Stability test for VGN@Pdo.o-
MoS: at 10 and 80 mA cm2, respectively. The stability of VGN@MoS; at 80 mA cm
is also shown for comparison. The arrows indicate the overpotential degradation of the

catalysts during stability test.

Next, we evaluate the stability of the optimal catalyst VGN@Pdo2-MoS,. To

compare with most HER electrocatalysts in acidic media, we tested the stability at 10
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mA cm2, as shown in Fig. 3c. Strikingly, the catalyst exhibited stable operation up to
1100 h with only 25 mV overpotential decreases with the majority of the degradation
occurred in the first 50 h, corresponding to a degradation rate of 23 pV h™. This superior
stability by far outperforms most catalysts operation in acidic environment (see
Supplementary Table S3 for detail). This stable operation demonstrates the great
potential of our catalyst as a true alternative to Pt-based commercial HER catalyst.
Stable operation at high current density, which accelerates the degradation of catalyst,
is of great significance to practical application. We thus tested the stability at a
relatively high current density of 80 mA cm. The overpotential of VGN@Pdo.-MoS;
degraded by 27 mV after 180-h continuous operation, indicating a degradation rate of
150 uV ht. Similarly, most of the degradation occurs in the first 60 h. In contrast,
VGN@MOoS; has larger potential drop up to 38 mV after only 90-h continuous
operation, indicating a degradation rate of 422 pV hl. This comparison suggests that
Pd doping also increased stability in addition to enhancing activity. The enhanced
stability in Pd doped catalyst could be ascribed to its improved corrosion resistance in
acidic environment arising from Pd species such as Pd-S and Pd-S-Mo. Moreover, the
increased stability could be attributed to the increased adhesion at the MoS2-VGN
interface due to S-vacancies, as will be detailed later. SEM images in Fig. S7 show the
surface morphology becomes rougher for the electrode VGN@Pdo.2-MoS; after 1100-
hour continuous operation, due to possible unstable Pd precipitation. XPS further
reveals the changes of composites, as displayed in Fig. S7g-S7i, where Mo element
shows negligible change while Pd element undergoes partial reduction into zero valence
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state, and those bridging S,?, apical S%, unsaturated S* or terminal S;* of S element
are hardly observed. Noting that the Pd particles or Pd/C need higher overpotential
(>180 mV) to achieve 10 mA cm [25, 47, 48]; and thus the remaining Pd with higher
valence state and the associated S-vacancy in MoS:; still afford the stable activity as
observed. Even longer stability test may be needed to observe obvious degradation.
We employed density functional theory (DFT) calculation to elucidate the
mechanism of Pd doping. Fig. 4a presents a potential energy surface diagram showing
three pathways (black, red and blue curves) of the processes with respect to the pristine
MoS; surface (see Method). In path 1 (the black curve), the reaction begins with Mo-
vacancy formation (uphill step : +4.81 eV) followed by Pd doping on the Mo-
vacancy site (downhill step @): -3.05 eV), and then ends up with creation of a S-
vacancy (uphill step 3): +0.56 eV). In reaction path 2 (the red curve), a Mo- and a S-
vacancy form at first (uphill step (O: + 5.35 eV) followed by Pd doping on the Mo-
vacancy site (downhill step 3): -3.04 eV). The pathway 3 (the blue curve) starts with
the formation of a Mo- and two S-vacancies (uphill step (D: +7.54 eV) followed by Pd
doping to the Mo-vacancy site (downhill step @): -3.61 eV), and then filling one of the
two S-vacancy sites (downhill step 3: -1.61 eV). This potential energy surface
diagram indicates that a Mo-vacancy formation step is thermodynamically the least
spontaneous reaction regardless of the pathway. It is worth noting that once a Pd atom
is doped to the Mo-vacancy site, the model systems are substantially stabilized, and the
formation of S vacancy becomes energetically favorable. The Pd substitutional doping

process is relatively more favorable along path 1 than the others [4.81 eV vs 5.35 (or
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7.54) eV]. This suggests that the Pd doping is not able to start directly on basal plane
of 2H MoS: due to the unsurmountable activation energy for removing Mo atom from
the MoS; lattice. Instead, the doping process may start with Mo-vacancy sites[33] on

the grain boundaries[49], defects, or the edge of MoS: lattice.

(a) (c)
anna SAhD

S| asaa W% e A

) 380 882 —~ E,,

~ = J

> [aaaa —L— 1 ©

D) | Akas D [ ~ doped

o | %dve Sl Z

e A (el =

w / 888 ansa o

c é @ Ton A i}

O |aasa Y g = undoped

= AMAD @ P

o AdAN D AMAD

© | dssdi ol aaia

K 3y 370 380 390 400 410

N . 1

Reaction Path Raman Shift (cm™)

undoped 385 cm-"
1

doped

370 380 390 400 410
. -1
Raman Shift (cm™)

E N
DL T

401 cm™!

Intensity (a.u.)

380 cm!

Fig. 4. Pd doping mechanisms and stability of doped MoS>. (a) The reaction energy vs
reaction path. Inset: simulated atomic structures. The initial structure is 2H-phase MoS;
where the blue, pink, and yellow balls represent Mo, Pd and S atoms, respectively. Path
1 (the black pathway) is thermodynamically more favorable due to its lower defect
formation energy in comparison with path 2 or 3 (the red and the blue pathway). (b) An
optical image of a monolayer CVD MoS: flake. (c) Raman spectra taken at point &
in (b) before (lower) and after (upper) Pd doping. (d) Raman spectra taken at point + in
(b) before (lower) and after (upper) Pd doping. (¢) Raman map of El,q position in the
area enclosed by the dashed box in (b) before (upper panel) and after (lower panel)

doping. The arrows in the upper panel indicate the expanding direction of the defective
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site. (f) Raman map of Axg position in the area enclosed by the dashed box in (b) before
(upper panel) and after (lower panel) doping. The arrows in the upper panel indicate

the change of the edge caused by doping. Insets of (e) and (f) are the color bars.

To find out some insight experimentally, we use a microRaman spectroscopy to
monitor the doping process in a perfect 2H-MoS: flake grown by CVD (see Fig. 4b for
optical image of the flake). Raman spectroscopy is very sensitive to the disturbance of
electronic structure and chemical composition of monolayer MoS> caused by even
molecules,[50] thus offers a sensitive tool to investigate the starting of Pd doping
process. In order to make a precise comparison, the exciting laser power intensity was
kept the same throughout the measurement, and the spectra are normalized with respect
to the silicon substrate peak at 520 cm™. Fig. 4¢ shows the comparison of the spectrum
taken at the point © (see Fig. 4b) before and after doping process (see Method for

details). One can see that both Elyq and Aiq peaks significantly shift towards higher

energy (blue shift), which is ascribed to enhancements of both in-plane and out-of-plane
lattice vibrations,[39] suggesting the compressive strain has been created after Pd was
introduced,[51] possibly owning to the different coordinate environments and bond
lengths between Pd=S with M0-S.[25, 52] As depicted in Fig. 4d, similar blue shift was

observed at the defective site (point +), which is indicated by solid arrows in Fig. 4e
and 4f. It is worth noting the intensity of the Raman peaks decreases substantially after
Pd doping due to the defects (S-vacancies) introduced into the 2H-MoS: lattice.

An obvious defective site is seen in the mapping of the position of E;4 peak (Fig.
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4e upper panel), though it is not evident in the optical image (Fig. 4b where the dotted
square indicates the Raman mapping area). The defective site shows brighter color
compared to the rest of the area, indicating blue shift of Raman peaks. Upon Pd doping
(Fig. 4e lower panel), the defects expended, as labeled by the dotted arrows. This serves
as a direct evidence for the preferential Pd doping starting from defective site. Similar
trend was found on the map of Aig peak position (Fig. 4f). A careful comparison shows
that the edge of the flake also starts to become more defective (brighter color and more
uneven boundary) after Pd doping. This also suggests that Pd doping process most
likely starts from the edge site, consistent with the findings from the theory in Fig. 4a.
It is worth noting that the actual catalyst made by solvothermal process is much more
defective and has less crystallinity than the CVD MoS,, thus the Pd doping process

should occur much easier and faster.
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schematic of enhanced catalyst-support interaction at the 2D-2D interface.

Next, we use DFT to examine the influence of Pd doping-induced S-vacancies on

HER activity. By substituting Pd into MoS2, Pd concentration becomes proportional to




the S-vacancy concentration. We assume that this process leads to the activation of the
Pd-MoS: basal plane through the formation of S-vacancies. The hydrogen absorption
free energy AGn was employed as an indicator to evaluate HER activity (see Fig. 5a
and Supplementary Fig. S8 for different simulation cases before and after H atom
adsorption), where we measure AGn primarily on the sulfur and sulfur-vacancy sites of
Pd-MoS:. Fig. 5b summarizes the dependence of AG on Pd doping concentration [see
inset for the simulated unit cell where a hydrogen atom (white dot) adsorbs on one of
the S-vacancy (dotted circle)]. The pristine MoS, without Pd doping or S-vacancy
shows AGH value of +1.97 eV, indicating the hydrogen adsorption on catalyst surface
is unfavorable. Once Pd doping occurs (6.25%), sulfur vacancies are formed. Sulfur
vacancy sites were found to have AGn value of around -0.01 eV, indicating significantly
enhanced hydrogen adsorption. Interestingly, AGH value remains stable around £0.2 eV
from 6.25% to 25%, suggesting robust activity insensitive to Pd doping concentration
in this range. This is consistent with the stable activity over 1000-h continuous
operation when Pd concentration varies due to the dynamic catalyst surface during
testing (Fig. S7). Additionally, the AGH value close to zero also serves as good
explanation for the excellent activity of VGN@Pdx-MoSo.

The robust stability can be attributed to the stable Pdx-MoS> and the increased
adhesion between catalyst and support due to S-vacancies. The relative energetic phase
stability between the 2H and 1T structure (AE, see Method) was also evaluated, as
depicted in Fig. 5c. It suggests that Pd doping-induced S-vacancies are stable in 2H-

phase MoS; within 25% doping concentration, similar to the pure S-vacancy (e.g.,
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plasma-induced). Previous studies have suggested support interactions from the
hybridization of electronic states between MoS: layer and graphene with the formation
of band gaps in the n-band of graphene.[53] And the defects in both MoS, and VGN
can play crucial roles to form stable 2D heterostructure. We thus calculated the
adsorption energy Ea between single 2D graphene layer of VGN and single 2D MoS;
layer, as illustrated in Fig. 5d. Noting that all adhesions between MoS>/graphene are
exergonic, indicating minimum interface energy can be achieved by their hybrid, to
stabilize MoS; on graphene layer. Furthermore, as the S-vacancy concentration
increases, the adhesion between VGN and MoS; continuously enhanced. Ea increases
by 10% when 3.125% S-vacancy (corresponding to 6.25% Pd doping) is created in
MoS; supported on pristine graphene. This enhancement increases to 14% when 12.5%
S-vacancy (corresponding to 25% Pd doping) is created, suggesting S-vacancy
efficiently enhance the interaction between MoS; and graphene layers. We also
calculated the adsorption energy of MoS: on defective graphene (C-defects) arising
from mesoplasma deposition. A typical defect type of graphene, i.e., the edge (with
most C-defects), was selected for calculating the adsorption interaction although many
C-defects may exist on the VGN system such as 2 carbon atoms vacancies, an aromatic
ring of 6 carbon vacancies as reported.[35] As shown in Fig. 5d, similar trend of
enhanced adsorption as S-vacancy concentration increases appears despite the smaller
enhancement obtained, because the MoS,-graphene edge already shows good adhesion
at 0% S-vacancy. These observations suggest that defects in VGN support effectively

stabilize the catalyst structure by stronger interaction at the interface.
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4. Conclusions

Ultrastable HER catalyst in acidic solution made from hybridizing MoS; with
VGN and trace amount of Pd doping (<5 pg cm™ that is 100-200 times lower than Pt
loading in commercial PEM HER catalyst) has been demonstrated. VGN limited the
growth of MoS; to form ultrathin layers, leading to large electrochemically active
surface area and low Ohmic loss. Pd substitutional doping offered a facile and
controllable technique to boost the activity of MoS,. The catalysts have shown superior
HER activities including low onset potential (-70 mV vs RHE) and small Tafel slope
(60 mV/dec). Importantly, the catalyst exhibited a stable operation over 1000 h at 10
mA cm, suggesting the great promise of the catalyst alternative to Pt-based HER
catalyst for PEM water electrolysis that could be driven by intermittent renewable
energies. DFT simulations detailed several possible pathways of the Pd substitutional
doping process. Mo-vacancy formation is found to be the most energetically
challenging step. Subsequent Pd atom substitution at the Mo site in all pathways was
found to be facile. DFT simulation also revealed the optimization of hydrogen
adsorption from Pd doping-induced sulfur vacancies. Moreover, the enhanced stability
arising from the increased adhesion between doped MoS> and VGN support was also
verified theoretically. Overall, from both experimental and theoretical aspects, this
work offers a promising strategy for the design of cost-effective electrocatalyst with

greatly enhanced stability.
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