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Engineered 2D Transition Metal Dichalcogenides—A Vision
of Viable Hydrogen Evolution Reaction Catalysis
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The hydrogen evolution reaction (HER) is an emerging key technology to
provide clean, renewable energy. Current state-of-the-art catalysts still rely on
expensive and rare noble metals, however, the relatively cheap and abundant
transition metal dichalcogenides (TMDs) have emerged as exceptionally
promising alternatives. Early studies in developing TMD-based catalysts

laid the groundwork in understanding the fundamental catalytically active
sites of different TMD phases, enabling a toolbox of physical, chemical,

and electronic engineering strategies to improve the HER catalytic activity
of TMDs. This report focuses on recent progress in improving the catalytic
properties of TMDs toward highly efficient production of H,. Combining
theoretical and experimental considerations, a summary of the progress to
date is provided and a pathway forward for viable hydrogen evolution from

of any known fuel (gravimetric energy
density of 120-142 MJ kg™).2% Cur-
rently, the global H, production required
to meet the industry need is around 0.1
gigatons, which is mainly consumed in
ammonia production (54%), chemical
production (35%), electronics processing
(6%), metals processing/refining (3%),
and food industry (2%).1 The global need
for H, as a fuel will continue to grow, as
implementation into broader society via
domestic consumption (e.g., power gener-
ation and heating) and transport industry
(e.g., fuel driving vehicle) is accelerated.
This growing need requires developments

TMD driven catalysis is concluded.

1. Introduction

Tackling global climate change and the energy crisis requires
novel approaches in clean energy generation and efficient
manufacturing.!! Hydrogen (H,) is one of the most popular
clean energy sources, providing the highest energy output
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in H, storage, transport, and production

techniques. While great progress has been

made in H, storage and transport, the uti-
lization of the H, energy is stymied by the lack of inexpensive
and efficient production methods.

Current technologies producing H, are hydrocarbon
reforming, pyrolysis of fossil fuels (e.g., natural gas, oil, and
coal), and biomass conversion, which are expensive and unsus-
tainable with significant greenhouses emissions.?? An attrac-
tive alternative technique is water splitting which produces
only Hy and O, via direct thermolysis (>2500 °C), photo-
catalytic, or electrolytic routes. All of these water splitting tech-
niques involve suitable catalysts to improve the production
of H, and reduce the energy consumption, yet electrolysis is
the most encouraging technique owing to its high efficiency
and relatively low cost.2 The half reaction of water splitting
to produce H,g, via electrolysis is called the electrochemical
hydrogen evolution reaction (HER).

It is believed that the electrochemical HER will be key to
meeting global challenges of the energy crisis and anthropo-
genic climate change, giving uninterruptable H,, fuel supplies
with low energy consumption.>®l Currently, the most efficient
HER catalysts are precious metal (e.g., Pt and Pd) based which
are expensive and scarce. Recently, a new class of catalytic mate-
rials, layered transition metal dichalcogenides (TMDs), have
emerged with several advantages over noble metal catalysts,
notably the lower cost and higher abundance. Results showed
that these sustainable materials are promising catalysts for the
HER.7#l Early studies on developing these catalytic materials
were stymied by the low efficiency due to the scarcity of metal
edge sites and the poor electron transport efficiency in multi-
layered TMDs.P1% In recent years, research progress in using
TMDs as HER catalysts has developed rapidly, led by improved
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fundamental understandings in the catalytic process and
advancements in chemical, electronic, and structural tuning of
TMDs. In this progress report, we provide a background to key
concepts for the electrochemical HER and discuss how TMDs
can be manipulated through size, strain, defect, and phase
engineering; edge-enrichment strategies; chemical doping; and
hybrid structures to unlock their potential as the next-genera-
tion of HER catalysts.

2. Key Concepts of Electrochemical HER

2.1. HER at Electrodes

Complete water splitting can be described by the overall
reaction (1)

HZO—>H2+%O2 (1)

where the full reaction includes two half-reactions, the
reduction reaction to generate H, (HER) at the cathode
electrode and the oxidation reaction to generate O,
(oxygen evolution reaction/OER) at the anode electrode.
Conventionally research is driven in the acidic regime

(anode: H,0 — 2H" +%O2 +2e”; cathode : 2H" +2e” —» H,), and
the HER in this case normally involves three steps:

i) the Volmer reaction on the electrode surface, giving the reac-
tion between a proton and the transferred electron to gener-
ate an adsorbed hydrogen atom (H,y);

ii) the Tafel reaction which combines two adsorbed H atoms to
generate H, gas, or

iii) the Heyrovsky reaction involving the reaction between one
adsorbed H atom, one electron and one proton to yield H,
gas.

The Volmer reaction is the first reaction to generate the nec-
essary adsorbed intermediate, and is typically rate-limiting step
of HER. In principle, electrochemical water splitting (or HER)
requires a thermodynamic electrochemical potential of =1.23 V
at room temperature. This value increases under experimental
conditions when the high activation energy (E,) is required to
form reaction intermediates on the electrode surface. This is
where the catalyst provides value by minimizing the overpoten-
tials (energy cost) at the electrodes for both HER and OER by
reducing the thermodynamic barriers, and thus accelerates the
overall reaction.

2.2. Key Principles for the HER (in Acidic Media)

In electrochemical HERs, the catalytic performance of a catalyst
is normally measured by the HER current density (j) at certain
overpotentials. A good HER catalyst should exhibit high j at low
overpotentials. This HER performance is a synergic result of
both the catalytic activity and the number of the active sites.')
In practical cases, the reaction kinetics (e.g., the activation
energy, E,) and mass transfer are also affect the HER process
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greatly. As we have introduced above, the Volmer and Hey-
rovsky reactions all perform the proton—electron transfer pro-
cess which are highly dependent on the electrode potential. The
electrode potential changes with the electrostatic potential of the
water—solid interface, and highly depends on different hydrogen
atoms added on the electrode.'*13 Triggering the Volmer, Tafel,
or Heyrovsky reactions requires overcoming the particular
energy barrier for that specific reaction at the electrode, and
the E, can be extrapolated to the limit where the potential does
not change.'2'*15] Building on this principle, Tang and Jiang
calculated the reaction energy (AE between the final and initial
states), the E, of the above three elementary steps of 1T MoS,,
and suggested that the full HER is rate limited by the desorption
of the H since the E, of the Heyrovsky reaction (E, = 0.62 eV) is
much higher than that of the Volmer step (E, = 0.16 eV), and
lower than that of the Tafel reaction (E, > 0.89 eV).['

Nevertheless, the Volmer reaction is the rate limiting step in
most HERs, and the Sabatier principle provides good guidance
in designing suitable materials with the consideration of the
free-energy of adsorbed H on the active site (AGy») during an
equilibrated reaction.”! With this principle, a good HER catalyst
should satisfy the criterion of suitable AGy« which is closest to
that of the reactant or product (AGys = 0). The reaction is rate
limited by the adsorption of H" if AGy+ is too high (insufficient
binding), and in turn is H,-desorption limited provided a too
negative AGy» (binding is too strong).

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The Sabatier plot shows the j, against the AG,+ and E,qs of different metals with a) 25% and b) 100% H coverages at pH = 0. Data was taken
from refs. [8,19]. Materials near the top and close to the AGy« of 0 eV are expected to be most active in HER. The j, of many reported MoS, materials
is also highlighted in (a), which is similar to some other TMDs.®%I Plots of the AGy« as a function of the HX adsorption free energy (AGyx:, X =S or
Se) at ¢) 2H edge, d) 1T edge, €) 2H plane, and f) 1T plane. Data in (c,d) is taken from refs. [22-24]. MAE is the mean absolute error. The dotted lines
are guides for the eye. (e,f) are reproduced with permission.?l Copyright 2015, Elsevier.

In most literature, the HER catalytic activity of a material is
usually described by the parameters of Tafel slope, j,, turnover
frequency (TOF) and onset overpotential. The former two rep-
resent the relationship between the overpotential (1), current
density (j) and j, as the following equation*®!

23RT ]
n]=""""1log

onF Jo @
where R, T, o, n, and F are the ideal gas constant, the abso-
lute temperature, the electrochemical transfer coefficient, the
number of electrons involved in the reaction and the Faraday
constant, respectively. The Tafel slope is defined as the value
of Z(jRFT (mV dec™!).'®] The HER can be rate-limited by the
n
Volmer, Heyrovsky, or Tafel reactions when the Tafel slope is
about 120, 40, and 30 mV dec™!, respectively.'”! j; is the value
of the current density from the Tafel plot at the overpotential of
0V, reflecting the intrinsic catalytic activity of the catalyst under
equilibrium conditions.l'®l The TOF is the value describing
how many molecules are generated per active site per second
(s7Y), which is frequently used in the research of catalysis. In
the HER, this value highly depends on the working potential.
Since the polarization curve of the HER is the synergic result
of different active sites, the TOF is an average of catalytic
activity of all active sites. As for the onset overpotential, it
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is the overpotential of the HER activity begins, and can be
extrapolated from Tafel plot and the cathodic Tafel line.[1*18l
However, many reports in literature use the overpotential
as the onset overpotential where a defined current density
(e.g., 10 mA cm™?) is reached, which is unsuitable as this
value changes with the catalyst loading as well as the active
site coverage. In this case, the term of catalytic performance
might be used to distinguish with the catalytic activity, and
more direct, suitable methods (e.g., Faradaic and energy effi-
ciencies) should be introduced to estimate the total catalytic
performance.

Building on these key principles, the best HER catalyst devel-
oped so far are still noble metal based. For example, except the
high exchange current density (j,, also represents the kinetics
toward the redox reaction of the catalyst),l!®f Pt has AGy«
around —0.09 and —0.03 eV at pH = 0 with a 25% and 100%
H coverage, respectively (Figure 1a,b).l'] Nevertheless, with an
abundance of chemistries, electronic structures, and properties,
the cheap and abundant TMDs, have emerged as leading mate-
rials for the next generation of HER catalysis.’-102024 TMDs
can have a AGy+ close to 0 eV, a high j, (Figure 1c—f, will be
further introduced), and a fundamental competitive advantage
over competing emerging HER catalysts in that they have rich
tunable 2D surface chemistries, and more importantly, pre-
cisely tunable properties based on size, defects, strain, doping,
and heterostructure formation on the 2D planar crystals. The

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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progress in tailoring TMDs via these strategies forms the basis
for our discussions within the progress report. Building on the
progress we have achieved so far, comparison of the TMDs with
other state-of-the-art HER catalysts, and the future possibilities
on developing highly efficient TMD based HER catalysts are
also included in this report.

3. TMD Materials as Catalysts for the HER

TMDs are materials having chemical composition of MX,
(M and X are the transition metal and the chalcogen, respec-
tively, including similar chalcogenides with more than one TM
atom and corresponding X atoms) with 2D building blocks
(e.g., S—Mo—S) weakly bonded to each other by van der Waals
forces (Figure 2). There are three crystal phases that most
TMD monolayers are thermodynamically stable (Figure 2a,b);
1H for most group VI TMDs (Dy;, point group, each M center
is prismatically coordinated by six surrounding X atoms); 1T
phase for group 1V, VII, and X TMDs (D34 group, M atom is
octahedrally coordinated to six neighboring X atoms); and 1T”
(or Ty) for WTe, where the 1T lattice is distorted.*!2Y How-
ever, TMDs can be switched between phases and “locked” into
a metastable phase, for example MoS, into 1T via lithium exfo-
liation and charge injection®! or WSe, into 1T’ by controlled
cooling rates and ligand selection.?! The earliest reports of
TMDs for electrochemical water-splitting come from the late
1970s.127l The explosion of interest in TMD materials corre-
sponds to the development of exfoliation[?!! and synthesis[?*3%
techniques that have enabled the production and stabilization
of monolayers. These monolayers enable a higher per mass
catalytically active surface area, and thus more catalytically
active basal-plane, defect, and edge sites available for the HER
to occur.

Bulk TMDs can be stacked from the monolayers and
commonly have three polymorphs (1T, 2H, and 3R/rhombo-
hedral), depending on the crystal phase and stacking arrange-
ment. The number in these three polymorphs means how
many M-X-M units in the unit cell of the bulk crystal. The
physical properties of the bulk TMDs are varied.?>>4 For
example, group 5 TMDs could be either 1T or 2H struc-
tured. For group 4, 7, and 10 bulk TMDs in the periodic table
(Figure 2a), it prefer the 1T phase, whereas the group 6 TMDs
prefer the 2H phase.?2-24 Some TMDs such as groups 4 and
5 are metallic, and some are semiconducting (groups 6, 7,
and 10).122-24

The HER catalytic activity and mechanism of metallic and
semiconducting sites of TMDs are significantly different from
each other. Although the basal plane of 1H/2H-TMDs such as
MoS,, WS,, MoSe,, and WSe, are HER inert (AGy« is =2 eV
uphill),l??l the AGy+ at the metallic edge (the edge performers
metallic features) in some cases is close to that of Pt and is
thermo-neutral (Figure 1c).’! It was revealed that the AGys of
2H-MoS,’s edge is close to 0.08 eV with 50% H coverage (the j,
of some reported 2H MoS, is also high).”! The result has been
further refined, giving the best edge configurations of MoS,
(0.06 eV of AGy:) and WS, (-0.04 eV of AGy) with 50% S cov-
erage, versus AGyx of —0.45 and —0.06 eV respectively in both
cases with 100% S edges.l?
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Figure 1c,d are the plot of AGy« of various TMDs at dif-
ferent edges against the absorption free energy of H-X
(AGyx+, X is the chalcogen) based on the data reported by
Tsai et al.?2724 The reaction tends to form H,X along with the
desorption of H-X group when AGyyx« >0; whereas it would be
more stable upon decreasing the AGyx«. Besides MoS,, sev-
eral other TMDs such as MoSe,, WS,, WSe,, and Ta$, are also
highly promising for HER with 2H or 1T edges (Figure 1c,d).
Tsai et al. have further calculated the AGy: and AGpyx+ at
both the edge and basal plane of various TMDs to estimate
the HER catalytic activity and relating stability.?>?3] AG. at
the edge of TMDs are all close to 0 eV and highly suited for
HER, while the AGyyx+ of all 1T and most 1H/2H edges are
negative (Figure 1¢,d).2Y The AGy- on the basal plane of sem-
iconducting TMDs is normally high and unsuitable for HER
(e.g., AGyx of =1.92 eV of the 2H MoS,).** Replacing the Se
by S (electronegativity: 2.58 of S vs 2.55 of Se) in TMDs can
slightly tune the AGy« close to more thermo-neutral states,
but which on the other hand reduces the stability significantly
(Figure le). The stability of the semiconducting basal plane
should be carefully considered during the activation for an
efficient HER. Like that on the semiconducting basal plane,
the AGy« on the metallic plane has also the inverse relation-
ship with AGuxs+ (Figure 1f).24 Nevertheless, the metallic
planes are more active for the HER with similar stabilities
comparing with the semiconducting basal plane, i.e., the
AGy+ of 0.12 eV on the plane of 1T-MoS, versus the 1.92 eV
on that of the 1H/2H-MoS,.”Yl In this case, improving the
electronegativity of the X atoms (e.g., replacing the Se by S)
can be more efficient to improve the HER activity than that on
the semiconducting TMDs (at the basal plane), and the basal
plane of some metallic TMDs are actually suited for catalytic
HER (Figure 1f), i.e., both the 1T-MoS, and 2H-NbS, have the
AGy of around 0.12 eV on the basal plane, which is close to
the 2H edges of some TMDs (e.g., MoS,, Figure 1c). Some TM
sulfides are not chemically stable in aqueous media (AGyx« of
0.21 and —0.09 eV on the basal plane of 1T-VS, and 1T-TiS,,
respectively, Figure 1f), however if they can be stabilized the
AGy+ values are highly promising for efficient HER (e.g.,
0.05 eV of 1T-VS, and 0.38 eV of 1T-TiS,).?* These features
open new avenues to robust and stable HER, if the AGy« and
AGyyx+ can be further adjusted (e.g., by the chemical doping)
toward more stable surfaces with a AGy« more close to 0.

Despite these theoretical calculations, research on the experi-
mental HER performance of TMDs is rather limited before
2010 because of the very poor catalytic activity. Such poor per-
formance was mainly due to at least the following two reasons:

i) the scarcity of edge sites, which are the only catalytically ac-
tive part of the material in most cases and

ii) the low electrical conductivity of the most TMDs.[*] for exam-
ple, the HER catalytic activity of 2H MoS, decreases by a factor
of =4.5 with each additional layer due to the poor electron hop-
ping efficiency in multilayers (Figure 2c).’! The understand-
ing of these limitations, in combinations with the ability to
tune the electronic and chemical properties of TMDs, provides
a clear direction to improve and use TMDs as HER catalysts.
It is from these tuning methods that tailored strategies to im-
prove the HER catalytic activity can be developed (Figure 2d).

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) The periodic table with TMD elements highlighted. Reproduced with permission.?'l Copyright 2013, Springer Nature. b) The three most
common crystal structures for TMDs, 2H, hexagonal, 1T, octahedral, and 1T/, distorted octahedral, each with different electronic properties. Repro-
duced with permission.B'l Copyright 2016, Springer Nature. c) i) Electron hopping in multilayered 2H-MoS, and the AG at basal plane and edge
sites. ii) the number of catalytically active sites as a function of size for equal amount of material. d) Methods to tune the chemistry, electronic, and
catalytic properties of TMD monolayers by defect engineering, bandgap engineering, and heterostructure formation. Reproduced with permission.32
Copyright 2018, Royal Society of Chemistry.
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4. Progress on Strategies to Improve the HER
Catalytic Activity of 2D TMDs

The fundamental understanding gained over the past few years
in the catalytically active sites, reaction limiting factors, and the
importance of precise chemical and structural control of TMDs
has opened a clear set opportunities to manipulate their prop-
erties toward increased catalytic activity. These include precise
phase control, defect generation, size control and edge enrich-
ment, chemical doping, heterostructuring, and any combina-
tion of these (Figure 2d). Before the discussion of this progress,
we briefly revisit the development on multilayered TMDs as
the HER catalyst over the last decade. Improvements on the
catalytic performance have been realized via the following
strategies:

i) the formation of nanomaterials and amorphous phases;3**!

i) the edge-aligned TMDs,*2-> and
iii) 3D porous TMDs.P?>]

Although the formation of the TMDs nanoparticle can
directly improve the edge ratio, the catalytic performance is still
quite poor due to the poor electron hopping between the multi-
layers (Figure 2c).>3371 The poor charge transport might be alle-
viated in amorphous TMDs, while the density of the active
site also increased dramatically. Some amorphous TMDs have
exhibited outstanding catalytic performance,?®*#!1 comparable
to lately developed 2D TMDs. Nevertheless, their poor stability/
durability associated with the amorphous nature is still needed
to be addressed suitably. Besides, both the edge aligned and 3D
TMDs have been introduced in terms to improve the catalytic
performance. These approaches have been further modified by
expanding the layer distance and introducing strain into the
lattice,™>* but the performance is still unsatisfactory. Technical
challenges limiting these approaches are the inert plane on the
3D channel, and the poor charge transport issue between the
edge aligned multilayered TMDs.

Unlike these multilayered TMDs, the 2D TMDs (e.g., mon-
olayers) are more active owing to the increased charge trans-
port efficiency (Figure 2c), the higher exposed surface areas,
and the rich surface chemistry, which enables various strategies
(discussed below) to improve the catalytic performance.

4.1. Phase Engineering

As we mentioned above, TMDs are unique layered materials.
The 2D monolayered building blocks of TMDs exist in one
of three phases (1H, 1T, and 1T, Figure 2b). All of these 2D
TMDs have dramatically different electronic properties and
catalytic activity. The thermodynamically stable form of MoS,,
WS,, MoSe,, and WSe, is 1H (or 2H), and for all of these mate-
rials 1H (or 2H) is semiconducting and hence has quite poor
electrical conductivity. Manipulation of these materials can lead
to the formation of the 1T metallic TMDs which has different
catalytically active sites and significantly improved electron
transport efficiency. Further, theoretical calculations have sug-
gested that the basal plane of some 1T TMDs (e.g., MoS,, NbS,,
VS,, TaS,, WS,, TiS,) are catalytically active for HER, whereas
the basal plane of their 1H/2H phases are usually inert due to
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the high AGys (Figure 1c—f).2224 The key challenges to explore
for 1T TMDs monolayers are the stability and cheap methods
of production.

In 2013, Chhowalla and co-workers reported the HER of
chemical exfoliated WS, monolayers with both 1T and 1H
structures (Figure 3).% Testing thin films of 1H WS, showed
with onset overpotentials of 150-200 mV and a Tafel slope of
110 mV dec! or higher. Increasing the 1T WS, concentration
(1H WS, ratio decreased) gradually improved the HER per-
formance (Figure 3a—d).®”) Among different WS, samples, 1T
WS, monolayers exhibited the best HER performance, giving
the Tafel slope of 55 mV dec™! (was 60 mV dec! without iR
correction), onset overpotential of 80-100 mV and a j, of
2x 107 A cm™2.160]

This HER performance of WS, monolayers (particularly the
1H monolayers) might be underestimated since the catalyst
was mounted on the glassy carbon electrode with the thickness
larger than five monolayers.®¥ For 1H semiconducting mon-
olayers, the thickness of the catalyst on the electrode should
be ideally as thin as the monolayer to sustain the rapid charge
transport between the electrode and the top-most surface
of the catalyst. Re-stacking of the monolayers would degenerate
the HER performance.'% Therefore, the relationship between
the catalytic performance and the loading amount of monolay-
ered Mo-S nanocrystals (NCs) on the glassy carbon electrode is
crucial.'% The double layer capacitance (Cy) (reflects the effec-
tive surface area of the total active sites) divided by the catalyst
mass gradually decreased by increasing the catalyst loading.!'%
With a mass density larger than =100 pg cm™2, the Cy was
decreased by adding more catalyst. All these features meant
that the re-stacking/agglomeration of monolayered NCs highly
suppressed the catalytic performance, i.e., the Tafel slope was
also increased."”)

The HER performance of 1H WS, monolayers with different
sizes (edge lengths of 400-800 nm) has also been explored./®!
The monolayers were fabricated on Au foil by a chemical vapor
deposition (CVD) method, and were directly used for the HER.
Tafel slopes and j; of these monolayers were 102-104 mV dec™
and 6.31-17.78 WA cm™2, respectively. Such exchange current
density (jo) is comparable to that of 1T WS, nanosheets (2 x
107 A cm™2),[%0 owing to the interaction between the Au foil and
WS,.1 In comparison, 1H MoS, monolayers grown on Au foils
has the Tafel slope of 61 mV dec™! and the j, of 38.1 A cm™2, a
significant improvement compared to WS, with smaller size.l%

1T MoS, nanosheets produced by LiBH, exfoliation have the
lateral size up to 1 um and the 1T content >80%.2>63 When
the 1T nanosheets were converted to 1H phase by annealing,
the Tafel slope increased from 40 to 75-85 mV dec! and the
onset overpotential became higher. The high HER performance
of 1T MoS, sheets was mainly owing to the low AGy: at the
basal plane (around 0.12 eV), closing to the AGy at the edge of
1H/2H MoS, (0.08 eV).7:22-24

Combining phase engineering and edge-enrichment, 1T
MoS, monolayers with smaller sizes have also been prepared
for HER. In 2017, Li et al. applied the intercalant of butyl
lithium (n-butyllithium) to exfoliate MoS,.* With the assis-
tance of ultrasonication treatment, the few-layered MoS, sheets
was exfoliated, cracked, and converted to 1T MoS, nanosheets
(>70% phase content, =100-200 nm in lateral size). The Tafel
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Figure 3. a) Atomic force microscopy (AFM) image of WS, monolayers. High-angle annular dark-field scanning TEM (HAADF-STEM) images of the
WS, monolayer with distorted b) 1T and c) 1H structure. d) Polarization curves of bulk and WS, monolayers (both 1T and TH phases), sub-monolayered
WS, and Pt nanoparticles. (a—d) are reproduced with permission.®% Copyright 2013, Springer Nature. e) Schematic shows the synthetic procedure of
monolayered ultrasmall 17T TMDs from their 2H bulk crystals. f) AFM and g,h) HAADF-STEM images of the prepared monolayered WS, NCs. h) The
corresponding L2D-WF-ABSF filtered image of WS, NCs in (g). i) Brightness profiles along the dotted lines in (h) (top, line 1; bottom, line 2). j) Sche-

matic shows the structure of TH/2H and 1T TMDs. k) Polarization curves and |) corresponding Tafel slopes of different monolayered NCs. (e-

reproduced with permission.[® Copyright 2018, John Wiley & Sons.

slope and onset overpotential of the as-prepared 1T MoS,
nanosheets were 42.7 mV dec™! and 156 mV respectively. This
performance is worse than the above 1T MoS, sheets due to
the lower ratio of the 1T:1H phases and the fact that multilay-
ered sheets were commonly found in the sample.® Neverthe-
less, the demonstrated performance is already dramatically
improved from that of many 1H-MoS, monolayers.![10:62:65-67]

To expose the maximum surface active sites, He et al. pro-
posed a solvothermal approach to preparing vertically aligned 1T
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WS, sheets (phase content was around 70%) with a lateral size
of several micrometers.[®! The vertically aligned 1T WS, sheets
exhibited a Tafel slope of 43 mV dec™! and onset overpotential
of 118 mV (at the j of 10 mA cm™2). By contrast, the flat 1T WS,
sheets on glassy carbon electrode has only the Tafel slope of
52 mV dec™! and onset overpotential of 230 mV. Such an improve-
ment is owing to the improved exposure of the 1T basal plane.

In 1T TMDs, the exposure of the basal plane becomes cru-
cial to an efficient HER, which is different with that of most
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Table 1. HER catalytic performance of various monolayered 1T-TMDs
NCs.[9]

Parameters MoS, WS, MoSe,  MogsW(sS, MoSSe
Tafel Slope (mV dec™) 53 63 54 58 40
Onset overpotential (mV) 58 139 101 95 49

1H/2H TMDs with only catalytically active edges. Monolay-
ered 1T TMDs NCs have also been reported recently by Zhang
and co-workers in 2018.°1 Bulk TMDs (size around tens of
micrometers) were initially reduced to microsized particles
(size around 1 um) with ball-milling, and then intercalated by
n-butyllithium producing various monolayered TMDs nano-
dots (MoS,, WS,, MoSe;, Moy5W5S,, and MoSSe) (sub-5 nm,
Figure 3e-l) with a high percentage of 1T phase (67-80%). As

www.advenergymat.de

suggested in Figure 3k, the Tafel slope of these TMDs varies
from 40 to 63 mV dec™!. The lowest Tafel slop was achieved on
the MoSSe dots owing to possibly the Se-depleted sites formed
during the preparation (see Table 1).°! The Tafel slope of the 1T
MoS, NCs was actually inferior to that of 1H monolayered NCs
and 1T monolayered sheets,['*%”] and the underlying reason is
still unclear (preparations and purifications of the 1T NCs may
need to be improved further).

One important consideration of the phase engineering for
TMDs is the confusion between 1T and 1T” phases which have
dramatically different electronic properties and hence HER
pathways. A recent work by Sokolikova et al.l?®l demonstrated
the solution phase synthesis of kinetically stabilized 1T” WSe,
on arbitrary substrates (Figure 4). The Tafel slope of 1T” WSe,
at ultralow mass loadings of 40 pg cm™ was 150 mV dec!
which increased dramatically to 232 mV dec™" upon the thermal

d)g e rs 5o
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Figure 4. a) Annular dark-field scanning TEM image of a WSe, branched nanoflower illustrating ultrathin nature of individual nanosheets (scale bar:
100nm), inset—an overview image of an ensemble of the WSe, nanoflowers (scale bar: 200nm). b—d) Zoomed in image (scale bar: 0.5nm) with an
overlaid crystal model of b) the 1T” and d) 2H. c,e) Fast Fourier transform (FFT). f) Polarization curves of the 17" and 2H WSe, nanosheets grown
on the carbon paper, inset shows corresponding Tafel slopes. g) Comparison plot summarizing the reported group VI TMD electrocatalysts for HER
(exf-NSs, exfoliated nanosheets; syn-SNs synthesized nanosheets; NPs, nanoparticles). (a-g) are reproduced with permission.?’l Copyright 2019,

Springer Nature.
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Figure 5. a) Schematic shows the preparation of monolayered MoS, NCs. Reproduced with permission.’"l Copyright 2017, Elsevier. b) The AFM
image of the monolayered MoS, NCs. c) The optical image of the monolayered Mo-S NCs before (left) and after S-depletion (right). d) TEM images of
the Mo-S NCs before S-depletion and e) TEM images of the Mo-S NCs after S-depletion. Insets are relating FFT patterns. f) Calculated density of state
(DOS) of MoS, in the core and/or edge region, and the entire NC. g) Decomposition of the total DOS of MoS, in the core with S vacancies (S deple-
tion) and edge regions into partial DOS of the Mo and S orbitals. h) Schematic shows the metallic edge, near-edge regions, and semiconducting core
of the MoS, NCs. i) Polarization curves and j) Tafel plots of different catalysts in 0.5 m H,SO,. (b—j) are reproduced with permission.'% Copyright
2016, American Chemical Society.

conversion to 1H/2H WSe, (Figure 4f). While the performance
of the Tafel slop and the j at 10 mA cm™ were significantly
improved from other optimized TMDs (Figure 4f,g), this
approach shows the power of phase engineering to enhance
catalysis when applied intelligently. To further improve the cata-
lytic performance, additional approaches are also suggested,
that will be further discussed below.

4.2. Defect Engineering
4.2.1. Size Control and Edge Enrichment
The catalytic activity of monolayers, in principle, can be ration-

ally improved by the lateral size reduction to improve the

Adv. Energy Mater. 2020, 10, 1903870

1903870 (9 of 24)

density of edge sites (Figure 2c). We developed a method to
produce monolayered 1H MoS, NCs with a lateral size around
12.5 nm (Figure 5).1%7% The Tafel slope and onset overpoten-
tial of the 1H MoS, NCs (on glassy carbon electrode) were
51 mV dec! and 120-140 mV respectively (Figure 5i,j), which
are clearly better than monolayered 1H MoS, sheets (on Au
foil electrode),l®¥ and similar to the monolayered 1T WS,
nanosheets (on glassy carbon electrode).”) Theoretical calcu-
lations (Figure 5f,g) demonstrated that the 1H MoS, NC also
have a metallic surrounding region that wraps the semicon-
ducting core, improving the charge transport at the catalytically
active sites.[1071]

The formation of pores within larger monolayers can
also enrich the catalytically active edge sites. Ajayan and
co-workers has demonstrated this concept with 1H MoS,
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monolayer triangles prepared from a CVD method.l"2

These highly crystallized 1TH monolayers were large in size
(up to 100 um), and nearly inactive for HER (Tafel slope of
342 mV dec! and onset overpotential around 500 mV)."2
The samples were activated for HER by O, plasma pore gen-
eration leading to a Tafel slope and onset overpotential of
162-171 mV dec! and 400 mV, respectively. The newly
formed inside edges consisted of both S and Mo terminated
structures. Another strategy is annealing MoS, monolayers
with H, to create pores/edges inside the monolayer. The Tafel
slope and onset overpotential of these edge-rich monolayers
were 117 mV dec™! and 300 mV, respectively. With smaller
starting crystal sizes (100-200 nm), the HER performance can
be improved further with a Tafel slope of 50 mV dec™! and
onset overpotential of 120 mV.[®”!

Ultrathin TaS, sheets have also been treated by O,-plasma
to generate internal pores (Li et al. 2016).7% The initial highly
crystallized TaS, sheets were created by chemical exfoliation,
and have the lateral size about 15 um with a thickness of 1-3
layers.”3l After the pore generation, the Tafel slope and onset
overpotential were both reduced from 215 mV dec! and
310 mV, to 125-142 mV dec™" and 225 mV, respectively.l’3]

Besides, H,0, oxidation can be combined with the tra-
ditional liquid exfoliation process for MoSe, to introduce
chemically induced pores.”*””! During this process, the thin
exfoliated MoSe, sheets were oxidized and etched to generate
pores with high density. While the Tafel slope (80 mV dec™) did
not change significantly, the onset overpotential of the porous
MoSe, was greatly reduced to 75 from 220 mV by this pore gen-
eration process.””!

Both edge-enrichment and creating monolayered NCs with
small lateral size (e.g., 5-10 nm) are promising approaches,
however, the small lateral size systems show better HER
performance, even for the multilayered TMDs NCs with par-
tial 1T phase.l®”) With ongoing developments in synthesis
techniques!'%%71.76-79] the formation of the monolayered TMDs
NCs is a highly promising strategy to achieve optimal HER
catalytic performance. The edge enrichment and size control,
at least, can be complimented with the phase engineering
we have discussed above, although the stability of the 1T/1T
TMDs is still need to be appropriately addressed. Beyond this
phase engineering, the following sections suggest that more
strategies can be adapted together with the edge and size con-
trol, to further improve the HER performance.

4.2.2. Defect and Strain Engineering

While phase engineering is a powerful tool to unlock catalytic
potential for TMDs, there is significant value in exploring the
optimization of thermodynamically stable 1H/2H TMDs for
HER. A key consideration is that, as we have described previ-
ously, the basal plane of 1H/2H TMDs is relatively inactive for
HER, and this contributes a huge amount of the surface area.
By calculating the AGys during the Volmer reaction, Wang
and co-workers suggested that various types of the S vacan-
cies could activate the HER activity on the basal plane of MoS,,
with these new S-depleted sites being suited for both Tafel
and Heyrovsky reactions.®% Although precise control of these
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S vacancies is still difficult, several reported literatures sug-
gest that some favorable S vacancies could be formed on MoS,
monolayers.81-8]

In 2016 the HER catalysis of the monolayered MoS, NCs
was studied (see Figure 5).1% These fresh-prepared 1H MoS,
NCs (the lateral size around 12.5 nm) were treated with a cation
exchange resin to gain S-depleted MoS; g5 NCs. The HER cata-
Iytic activity was highly improved from pure MoS, NCs (Tafel
slope of 51 mV dec™!, onset overpotential of 120~-140 mV of
pure NCs). These S-depleted NCs had a very low Tafel slope
of 29 mV dec’, low onset overpotential of 60-75 mV (extrap-
olated from the Tafel plot and the cathodic Tafel line), and
high j, of 4.13 X 10 mA cm™2.11% The low Tafel slope around
30 mV dec! suggested a Volmer—Tafel pathway reaction of the
Mo-S NCs, which is highly promising and is among the best
Mo-S base catalysts developed so far. Density functional theory
(DFT) calculations showed addition effects of the defect genera-
tion including induced lattice strain, and new electronic states
below the conduction band enhancing electron transport effi-
ciency and promoting HER activity.

Controllable S-depletion and the relating HER catalytic
activity should also be established to guide further improve-
ments. In 2015, Zheng and co-workers systematically inves-
tigated the relationship between the point S-vacancies of
MoS, and the HER catalytic activity on the defected sites
(Figure 6).% The calculated AGy« on the basal plane without
surface S-depletion is around 2 eV (catalytic insert for HER)
which decreases to 0.18 eV with 3.12% surface S-depletion
(Figure 6b), and reaches +0.08 eV with 9.38-18.75% S-vacan-
cies. Fine control of the S-vacancies can generate more suitable
AGy+ to thermos-neutral, which is better than that of the best
configured edge sites. The AGy« on the basal plane can also be
tuned to be negative and close to 0 eV, giving better adsorption
of the H atoms during the Volmer reaction (Figure 6b). Con-
sidering that the strain on the basal plane has also improved
the HER catalytic performance owing to the strengthened
hydrogen binding,®*%”] the AGys+ of the MoS, monolayers
with uniaxial elastic strain was further simulated. As sug-
gested in Figure 6¢, the AGy« decreased with the strain for
any investigated concentrations of the S-vacancy. This result is
useful since the MoS, monolayers are less stable with more
S-vacancies, and the small applied strain could improve the
stability with few S-depletions for the best HER. Modeled elec-
tronic structures showed that the S-depletion has introduced
the defect level between the gap and under the bottom of the
conduction band minimum.”!88 In a n-type semiconductor
such as 1H MoS, monolayer, the Fermi level should close to
the conduction band."'#) The hydrogen adsorption on the
S-depleted Mo sites of the basal plane is induced by these newly
formed gap states (localized around the S-vacancy). The bands
move closer to the Fermi level (the number of gap states also
increased) with more S-vacancies, which rationally explained
the gradual improved H binding (Figure 6b,c). Tensile strain
has also such effect to the gap states, and strengthened the
hydrogen binding.[008687]

Building on these theoretical understandings, Zheng and
co-workers prepared large 1TH MoS, monolayer sheet with
the minimized edge ratio.’®! Both strained (1.35 + 0.15%)
and unstrained MoS, monolayers were produced with
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Figure 6. a) Schematic shows the top (top) and side (bottom) views of MoS, with strained S-vacancies on the basal plane. Theoretical calculations
show b) the AGH* versus the reaction coordination of HER upon the S-vacancies and c) the AG« versus the x-strain with S-vacancies. d) The aberra-
tion-corrected (AC) TEM image of MoS, monolayer (4 X 4 nm) with about 43 S-vacancies (=11.3% S-vacancy) shows the Mo atoms, the pair of S atoms
(2S, one S atom above the other below the Mo plane), the single S atoms (1S, only one S below the Mo plane) and the zero S atoms (0S, both the S
atoms above and below the Mo plane were depleted). e,f) Polarization curves and Tafel slopes of different samples. S-MoS,, V-MoS,, and SV-MoS, are
the MoS, monolayer with 0% S vacancy, 12.5 £ 2.5% S vacancies, and both the 1.35 + 0.15% strain and 12.5 £ 2.5% S vacancies, respectively. (a—f) are

reproduced with permission.®¥ Copyright 2016, Springer Nature.

controlled S-vacancies (e.g., 21.88%, 18.75%, 12.50%, 8.00%,
and 6.25%, to the total S atoms).®® Theoretical calculations
have further suggested that the strained (1.35 £ 0.15%) MoS,
monolayer with 12.5% S vacancies has the best matched AGy«
to 0 eV.8% The HER catalytic activity of the strained pure
MoS, sheets was poor, with onset overpotential higher than
350 mV (determined by the current density at 10 mV cm™)
and Tafel slope of 90 mV dec™!. This HER performance was
better than the pure MoS, without the strain (e.g., Tafel slope
of 98 mV dec™!). Both the onset overpotential and Tafel slope
of the MoS, monolayer were firstly reduced to 250 mV and
82 mV dec™! upon the S-depletion (12.5% S vacancies), which
further reduced to 170 mV and 60 mV dec™!, respectively with
additional 1.35 £ 0.15% strain (Figure 6e,f). The demonstrated
best HER catalytic activity is below previously reported phase
engineered and edge enriched TMDs,P1:60679091] byt the per-
formance improvement induced by the S-depletion and strain
opens an attractive future pathway for HER optimization.
As suggested in Figure le,f, the AGy« on the basal plane of
both 1H and 1T 2D-TMDs are all higher than 0 eV. Surface
chalcogen vacancies could also improve the H binding and
reduce the AGyx« to be more thermodynamically neutral. Such
an improvement has already been demonstrated on the 2D
MoSe, and MoSSe, NCs with Se vacancies.[® Both the sur-
face vacancies and strain have led to a decrease in the stability
of TMDs, which restricted further exploitations of the strategy.
To address this, other techniques such as surface doping can
be introduced to stabilize the structure as well as to reach the
optimized AGys.
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4.3. Chemical Doping

The approaches discussed thus far have focused on manipu-
lating the electrical properties and edge states of TMDs. How-
ever, more marked effects can be achieved by substituting
either the transition metal or the chalcogen in a TMD structure,
yielding new chemistries, band structures, and lattice strain
toward optimized HER catalysis. Chemical doping of TMDs
by various elements such as Pt, Co, Fe, Ni, O, Cl, and Se can
effectively tune the electronic structure and improve the HER
catalytic activity.*?1% The external atoms could replace or bind
with the M/X atoms on both the basal plane and edge of TMDs,
depending on the reaction dynamics and the stability of the
doped structure. Chemical doping could regulate the electronic
structure of TMDs, resulting in high electrical conductivity.1]
The HER catalytic activity of TMDs could also be finely tailored
by changing the AGy» in the Volmer reaction and providing
new active sites of the dopant itself.

4.3.1. Doping with Metals

Among various doping approaches, the incorporation of a
metal atom was frequently used to tune the AGy+. For example,
Tang and Jiang investigated the shift of the AGy« of 1T MoS,
by substitutional doping of the Mo site with different elements
(V, Cr, Mn, Fe, Co, Ni, Nb, Ta, W, or Re), with DFT calculations.!"?
The doping of Mn, Cr, Cu, Ni, and Fe all reduced the AGy«
in close to 0 eV. However, realization of such substitutional
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Figure 7. AG« of 2H and 1T WS, with increasing Co-dopant concentrations (W: turquoise; S: yellow; Co: light pink): a,b) Stable geometry (left) and
activity map (right) as a function of Co doping concentrations. In the middle color scale bar, dark blue, red and yellow correspond to weak, strong
and the optimal range for H adsorption. c) Plot of the minimum AGy. across the basal plane of i) 2H-WS, and ii) TT-WS, as a function of doping
concentrations. (a—c) are reproduced with permission.['%®l Copyright 2018, The Royal Society of Chemistry.

doping is challenging since the surface of 1T TMDs is highly
reactive toward surface covalent functionalization and the sur-
face of 2H/1H TMDs is relatively chemical inert.'%1%7] Investi-
gations have implied that the doping of MoS, is tend to be the
functionalization on the active surface and the position at the S
vacancy, resulting stable structures with different HER promo-
tion effects.[106:107]

In 2012, Merki et al. demonstrated the doping of MoS, with
various metals via electrochemistry.”? They used the amor-
phous MoS; with rich edge sites to hold the dopants of Mn,
Fe, Co, Ni, Cu, and Zn elements. The initial amorphous MoS;
film has the onset overpotential of 171-203 mV, j, of 8.9 x
10* mA cm2 and Tafel slope of 86 mV dec! at pH = 7.°% It
was found that the Fe, Co, and Ni doping significantly improved
the intrinsic activity of the catalyst under equilibrium condi-
tions (jy) and the Mn, Cu, Zn doping showed slightly improve-
ment on j,. The AGy« at the Mo- and S edges were calculated
as 0.08 and 0.18 eV (associated with a single lowest energy site)
respectively, basing on the model with the best H coverage.
Incorporation of Co did not change the AGy at the Mo-edge,
but lowered the AGy« at the S-edge.

It is crucial to determine the optimal amount of dopants
using DFT calculations as it highly affects the AGy+«. Zheng
and co-workers investigated the AGy« to understand the
binding behavior of the whole surface of both 1H/2H and
1T WS, as a function of the concentration of substitutional
Co dopants (calculation models are shown in Figure 7a,b,
4 X 4 unit cell).'® Doping of Co with very high concentra-
tions is thermodynamically unfavorable since the incorpora-
tion of Co into the WS, lattice is an endergonic process.['%®]
Similarly to the results reported by Merki et al.? it was
shown that the Co doping improves the HER catalytic activity
by increasing the H adsorption on the S-sites neighboring the
dopant.'% The AGy of the plane site of 1H/2H WS, shift to
increasingly orange exergonic values (—0.98 eV) with more Co
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dopants (before 13% dopant), and then transit to increasingly
blue endergonic values until the Co dopant’s concentration of
25% (Figure 7). The optimized concentrations of Co doping
on 1H/2H and 1T WS, are 6% (1 Co atom per unit cell) and
13% respectively, giving the best AGy« at around —0.12 eV for
the 1H/2H and —0.05 eV for the 1T WS,. Comparing with the
pristine WS, these two values are more suited for HER with
higher catalytic activities (Figure 7c).

Other DFT calculations (summarized in Table 2) have
also suggested the similar doping effect on the HER perfor-
mance of TMDs, which agree well with some of experimental
works.[12:93,99.108-112] Recently, Tsang and co-workers. reported
the Co and Ni doped thin MoS, nanosheets for HER.'!3l They
introduced Fe, Co, Ni, and Ag dopants into the structure of
MoS, nanosheets (1-3 layers) via a solvothermal reaction.['*3]
Successful doping of the metal atoms have been confirmed
by the HAADF-STEM observations. All these metal atoms can
bind with the S atom, but only the Ni atom can also bind with
Mo atoms to form metal—metal bond,[''*l which is in consistent
with the previous theoretical calculations.'% The undoped
thin MoS, nanosheets have an onset overpotential of around
300 mV (at the j of 10 mA cm™2) and Tafel slope of 94 mV dec™.
The Ag, Fe, and Ni doping have led to the larger onset overpo-
tential, and the Co-doped MoS, showed much improved HER
catalytic performance (onset overpotential at around 220 mV).
Although the pristine and Co-doped MoS, all exhibited the
Volmer-Heyrovsky pathway of the HER with similar Tafel
slope =92-94 mV dec™!, the evidently lowered onset overpoten-
tial meant that the reaction barrier has been much alleviated.
In 2017, Hu and co-workers also reported the improved HER
on TMDs by Co doping.''¥ They fabricated the 2D MoSe,/
CoMoSe, heterostructures via a two-step CVD method with
Co doping at the margin (edge). Onset overpotential (at the j
of 10 mA cm™2) and Tafel slope of the doped heterostructures
were 305 mV and 95.2 mV dec™!, respectively, greatly reduced
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Table 2. Catalytic performance of doped TMDs. The best matched AG,;« of atoms near dopants or the active dopants was taken from literatures with
suitable H coverage. X and M in this table are the chalcogen and the transition metal, respectively.

TMDs Pristine AG« [eV] Dopants and AGy« [eV] after doping Ref.
Specification
Edge Plane Edge Edge Plane
X M X X M X
TH-MoS, -0.45 0.06 - Fe/Co/Cu (interstitially ~ 0.04/0.01/0.05 unaffected - [109]
dope the S edge)
Ni(interstitially -0.08 0.15
dope the Mo edge)
Ni(interstitially -
dope the S edge)
Pt/Co/Ni/Ag/Zn/  0.1/—/—]]~|~/- - 0/-0.07/-0.28/0.01/  [93]
Pd/Au(replace Mo) -0.05/-0.04/-0.—-0.07
2.2 P (substitutional Layer expanded 0.43(0.04 at P sites) [110]
replace S)
2.11 N (substitutional Improved the electrical conductivity 0.71(-1.43 at N sites) ~ [115]
replace S)
- O(substitutional Improved the electrical conductivity [105]
replace S)
1T-MoS, - - 0.13 Cr/Mn/Cu/Ni/Fe (W/Re/Nb/Ta/Co doping increase 0.03/0.1/-0.07/ [12]
(replace Mo) the [AGyy| on the plane) —0.08/-1.2
TH-WS, - - 2.4 Co(replace - - -0.12 [108]
6% Mo atoms)
1T-WS, - - 0.9 Co(replace - - —0.05 [108]
13% Mo atoms)
THMoSe,  0.51/0.28(1/2 H,g)) 0.08/-0.18(1/2 Hpgs) 2.1 B replace Se atoms —0.05/-0.12  —0.04/-0.24(1/2 H,q)  1(~0.15/-0.05 on 0
(1/2 Hags) the 1/2 B sites)
Ni,Ss3 S(100): 1.086, Ni(100): 0.583 N (replace S atoms) - 0.036 [112]

from the 378 mV and 134 mV dec™' of the initial MoSe, sheets
owing to the tuned AGy;« at the edge position.['!

4.3.2. Doping with Nonmetals

Besides the transition metals, the doping of nonmetals such
as O, B, Cl, Se, P, N, and C have also been investigated to
improve the catalytic performance on HER.[9>97-99.101,105115]
Theoretical calculations suggested that the P dopants (substi-
tutional replace S, Table 2) can be the new active site (AGyx of
0.04 eV) and offer the reduced AGyx (0.43 eV vs 2.2. eV of pris-
tine one) of the neighboring S atoms favoring for the HER.['!¥
The AGy« can be further reduced to —0.11 eV by considering
the layer expansion induced by the P dopant.''% With con-
trolled P doping, a Tafel slope of 34 mV dec™! and an extremely
low onset overpotential of 43 mV was achieved for thin, layer
expanded, MoS,.''% Other measurements on the P doped 2D
MoS, (also the WS,) have further confirmed the improved cata-
lytic performance on HER.®®116:117]

In 2017, Li et al. revealed that the N doping (through the sub-
stitution of S) can lead to the decrease of the AGy at the basal
plane S atoms (0.71 eV vs 2.11 eV of pristine one, Table 2),
while the N atom is inactive (AGy« of —1.43 eV).'">] Although
the AGy« at the S atom is still high (0.71 eV), the N doped MoS,
nanosheets showed a low Tafel slope of 45 mV dec™! and low
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onset overpotential of 168 mV (at the j of 10 mA cm™2), which
were largely improved from the pristine MoS,.'"! Unlike the P
doped MoS,/WS, with significantly reduced AGy+,111% the good
catalytic performance on the HER of the N doped MoS, was
also ascribed to the improved electrical conductivity upon the
regulation of the electronic structure.''> The increased density
of the charge carrier has also been found in the O-doped MoS,
sheets.!% Other similar works have also demonstrated this
improved electrical conductivity and the relating good HER
performance of 2D TMDs.P®10L118] Nevertheless, for different
TMDs, the change of the AGyx upon the N doping may be
varied, i.e., the low AGy+ of 0.036 eV at the basal plane of Ni,S;
(also named as TMDs in this report), which is more close to
0 eV comparing with that of the 1H edge of MoS,, WS,, and
MoSSe (Table 2).[112]

Other nonmetal dopants such as B, Cl, Se, and C have also
been investigated.*>711 119 They can either tune the elec-
tronic structure to improve the electronic transport or tune the
AGy+ for a better HER, i.e., the AGy» of —0.05 eV at the plane
B site of the B doped MoSe, sheet and the highly improved
catalysis of the Cl doped MoS,.>>11 With the same principle,
using alternating layers of different chalcogen atoms within a
single mono-layer TMD can also improve HER performance.
In 2015, Ren et al. investigated the HER of the Se-doped MoS,
nanosheets and presented a Tafel slope of 55 mV dec”! and an
onset overpotential of 140 mV which were much improved
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Figure 8. a) Schematic shows the Janus structure of S-Mo-Se triangular sheet (top) and corresponding optical (left bottom)/AFM (right bottom)
images. Reproduced with permission.[?2l Copyright 2017, Springer Nature. b-d) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) of the
Janus S-Mo-Se triangular sheet. Reproduced with permission.l?% Copyright 2017, American Chemical Society. e) Schematic of the Mo,C/MoS, hybrid
nanosheets. Reproduced with permission.l'?’l Copyright 2017, American Chemical Society. f) Schematic of the HER on the hybrid structure of Mo,N
and MoS,. Reproduced with permission.['?®l Copyright 2019, American Chemical Society.

from the undoped MoS, nanosheets.””] More careful prepa-

rations and experiments have been conducted on the Janus
TMDs with controlled chalcogen substitution where one chal-
cogen layer is fully replaced by a different chalcogen.['20-126]
One of the most studied version of these, the monolayered
S-Mo-Se, can be considered as the MoS, monolayer with one Se
substitutional doping layer (Figure 8a).}?2l In the Janus struc-
ture, the breaking of structural symmetry gives large intrinsic
lattice strain, and has significant effects in altering the band-
structure for distinctive physical and chemical properties. The
emergence of the in-gap states and the shift in the Fermi level
of the Janus structure owing to the structure asymmetry largely
effects the hydrogen adsorption.'?!! Predictions have showed
that the vacancy at the basal plane of the Janus S-W-Se mono-
layer is highly active for HER with the AGy. (0.015 eV vs 0.18 eV
of the plane of MoS, with S vacancy)®! close to that of Pt,
achieving the same result as through defect and strain engi-
neering without sacrificing the structural stability.['23]

In 2017, Lou and co-workers prepared Janus S-Mo-Se mono-
layers (Figure 8b-d) via a CVD method.l'?”) Measurements on
the patterned device (edges were covered to be inert) showed
the HER performance of Se-Mo-S (S faces the substrate and
Se is exposed for HER) > S-Mo-Se > MoSe,, were significantly
improved compared to MoS,. The observed improvement
in HER performance was ascribed to the presence of S or Se
vacancies on the surface of the TMDs. The AGy« on the plane
was calculated as 0.007, 0.060, 0.063, 0.161 eV for Se-Mo-S (with
single Se vacancy), S-Mo-Se (with single S vacancy), MoSe,
(with single Se vacancy) and MoS, (with single S vacancy),
respectively.'20 These results mean that the Janus Se-Mo-S is
more promising than the MoS, monolayer, with fewer surface
vacancies required for highly efficient and stable HER.

Although the experimental HER performance on Janus
TMDs has not been well established (owing to the difficulty on
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large scale fabrications), these results showed a promising path
forward. The underlying mechanism for HER performance
upon element doping and/or substitution can be used to guide
further improvement of the HER catalytic performance. Never-
theless, comparing with NCs and nanosheets of some TMDs we
discussed above, the doped TMDs actually have not showed out-
standing catalytic performance. There are also several other fac-
tors which should be carefully addressed during the preparation
of the catalyst electrode, such as the precise control of the doping
and the clean surface of the TMDs after the doping treatment.

4.4. Hybrid Structures

Unlike precise element doping, the fabrication of hybrid struc-
tures of TMDs and co-catalysts is more feasible. Systematic
investigations suggested that the TMDs layer can be converted
to other phases, i.e., the carbonization and nitridation of the
MoS, to form MoC, and MoN,,'?7-12%] which have the out-
standing catalytic performance on HER owing to the hybridiza-
tion between the d-orbitals of Mo and the s- and p-orbitals of
C/N, giving similar d-band electronic structure with Pt.[130-132
The synergistic effect (e.g., the improved charge injection
from the co-catalyst) and the tuned AGy= at the interface of the
hybrid structure offer additional opportunities in improving
the HER performance.l'?:128] Recently, Zhao et al. fabricated
the hybrid nanosheets (average thickness of 9 nm) of the MoS,/
Mo,C (Figure 8e), with nanodomains of Mo,C or a mixture of
S and C incorporated in the MoS, sheet.l'?”l DFT calculations
suggested that some interfaces between the MoS, and Mo,C
(Mo-S-C) have the AGy.« very close to 0 eV, giving the effi-
ciently improved catalytic performance on HER (Tafel slope
of 53 mV dec!, and onset overpotential of 89 mV at j of
10 mA cm™?) over pure MoS, and Mo,C nanosheets.
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Such positive effect of the interface is also applicable in var-
ious reported hybrid structures such as the MoS,/Mo,C on N
doped carbon nanotubes (CNTs),'33 the WS,/W,C on N- and
S-decorated carbon matrix,['*¥ the S-decorated Mo,C,['*! and
the N, S co-doped Mo,C nanosheets.!'** According to the pre-
vious DFT calculations, the formation of the hybrid interface
between multilayered TMDs (e.g., MoS,) and carbon materials
is exothermic and favorable,!'?! giving the tuned AGy to favor
for the H adsorption/desorption, and the “ohmic contact” to
low down the charge transfer resistance. This phenomenon
explains well why the HER catalytic performance of some
hybrid structures of TMDs and carbon materials, such as the
MoSe, and CNTs,'*” the MoS,/MoSe, and graphene,['3813%
were significantly superior to their pure phases or mixtures.

As we have discussed above, TMDs and their carbides,
hybrid structures of TMDs and their nitrides have also been
investigated for the improved catalytic performance on HER.
Such improvement has been demonstrated by a report of
Ojha et al., where the Mo,N nanostructures conjugated with
few-layer MoS, sheets on the surface were fabricated for HER
(Figure 8f).[1%01 Ojha et al. then concluded that the interfaces and
junctions between the Mo,N and MoS, contributed significantly
in the promoted HER. Ang et al. explained that the boundary of
Mo,N and MoS, generates the cleavage of H—O bond of the
H;0" cation, resulting the improved H, generation.3¢] Addi-
tional DFT calculations by Yang et al. showed an interfacial
electric field between the Mo,N and MoS, domains, driving the
force to facilitate the charge transfer for an efficient HER.I'*!]
The charge transfer issue has also been considered in building
other hybrid structures for the promoted HER, such as the
Ag,S/MoS, and MoO,/MoS, nanocomposites.[142-144

Further, other hybrid structures building on the TMDs
have also been investigated to offer the multifunctions (e.g.,
both the HER and OER), which will be further examined in
the following sections on the progress on the HER in alkaline
electrolyte. Although the HER catalytic performance of these
hybrid structures is still incomparable to other engineered 2D
TMDs (e.g., edge enriched, phase engineered, NCs with sur-
face vacancies), they have exhibited remarkable merits toward
practical applications, that are the feasible fabrication, the low-
cost, and the potential high robust structure. For example,
these hybrid structures can be grown on the 3D robust support

(e.g., carbon cloth, carbon paper and carbon foam) for direct
use.[127,145]

4.5. Strategies for the HER in the Alkaline Media

The catalytic reactions discussed above were mainly driven
in the acid media. Nevertheless, the high potential of the
overall water electrolysis is mainly raised from the sluggish
four-electron transfer kinetic of the OER, which requires the
alkaline media to accelerate the reaction. In this case, the
adsorption of the OH™ on the surface of TMDs (particularly
the 2D phase) make them dispersible/soluble in the electro-
lyte.”!] Besides, the HER pathways in alkaline electrolytes

(anode:20H™ — HZO+%OZ +2e”; cathode : 2H,0+2e” — H, + 20H")

also changed from that in acidic conditions, and the OH™/H,0
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adsorption/dissociation (rather the AGy- alone) on the catalyst
surface become crucial [16-148]

The stabilization of TMDs on the electrode can be realized by
direct binding with other robust support such as carbon fibers
and carbon papers.['*8-151 The key challenge of developing 2D
TMDs for alkaline-based HER is how to improve the adsorp-
tion/dissociation of OH~ and H,O molecules on the surface.
Progress in this field suggested two main techniques, that are
the chemical doping and the formation of a hybrid structure
to tune the liquid/solid interface.'*$-151 Recently, Zhang et al.
reported the C doped MoS, (C-MoS,) sheets with exceptional
capability of alkaline HER (1.0m KOH), giving low Tafel slope
of 46 mV dec™! and overpotential of 45 mV at 10 mA cm™2 (vs
129 mV dec™! and 228 mV of pure MoS, sheets)."? Such out-
standing performance was ascribed to the change of the elec-
tronic and coordination structures of MoS, upon C doping
(Figure 9a—c). Specifically, the C dopants prefer to form the sp?
hybrid orbitals, vacating unhybridized 2p, orbitals perpendic-
ular to the basal plane of MoS,. The perpendicular 2p, orbitals
potentially offered active sites for water adsorption and activa-
tion, which was supported by the DFT calculations and absent
in the case of pure MoS, (Figure 9a,b). The C dopants served
as the site for H,0 adsorption, and the nearby S sites assisted
the water dissociation by attracting the H, resulting signifi-
cantly lower potential energy for the water adsorption and dis-
sociation on the surface of C-MoS$, than that on the pure MoS,
(Figure 9c), Mo,C and also S-depleted Mo-S sheets.[152]

With similar considerations of the electronic modulation,
Huang et al. fabricated the metallic 1T MoS, with co-doping of
O and Ni."®l The doped 1T-MoS, has the hexagonal arrange-
ment with the Ni center and surrounding Mo atoms (Figure 9d).
This catalyst has a positive onset overpotential of =0 V and a
low overpotential of 46 mV at j of 10 mA cm™2 for the alkaline
HER (1 M KOH), which is comparable to Pt-based catalyst.['5!]
DFT calculations suggested that all the Fe, Co, and Ni doping
reduced the AGy- at the basal plane of 1T MoS,, while the Ni
doping has the best configurations (JAGy+|). The AG(H,0) on
the Ni doped 1T-MoS, is also reduced to 0.925 from 1.65 eV of
pure 1T-MoS,, which is further reduced to 0.324 eV when O is
introduced to form Ni-O-Mo configurations, benefiting the dis-
sociation of H,O to H* intermediates.">!]

Besides the doping strategies, formation of the hybrid struc-
tures has also been considered to offer multifunctions of the
2D TMD-based catalyst.['>3] For example, Zheng and co-workers
reported the hybrid structure of nickel hydr(oxy)oxide nanopar-
ticles and the 1T MoS, nanosheets. The Ni-based nanoparticles
were homogenously loaded on the MoS, sheets (Figure 9e),
facilitating the adsorption and dissociation of H,0, and sup-
plying protons for subsequent HER reactions at nearby active
sites on the 1T-MoS,. As a result of this “synergistic effect,”
the hybrid catalyst showed a Tafel slope of 75 mV dec™! and
the overpotential of 73 mV at 10 mA c¢cm2 for alkaline HER
(1 M KOH), which were greatly improved from the pristine
1T-MoS,. Similar “synergistic effect” has also been observed in
many other reports.'*-1%% In the work of Liu et al., Ru nano-
particles were loaded on the MoS,, giving the Tafel slope of
60 mV dec™! and the overpotential of 13 mV at 10 mA cm™
(1 m KOH, Figure 9f). In the acidic electrolyte, the improve-
ment on the HER performance by the Ru nanoparticles was
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Figure 9. The top-view electrostatic potential of the water adsorbed on the basal plane, and the corresponding side-view bonding and nonbonding
orbitals of a) C-MoS, and b) MoS,. c) The relative energy diagram along the reaction coordinate, including the first (left panel) and second (right
panel) water dissociation process on the basal plane of MoS, and C-MoS,, respectively (R: reactant, RC: reactant complex, TS: transition state, IM:
intermediate). (a—c) are reproduced with permission.[2 Copyright 2019, Springer Nature. d) The monolayer structure of XO@1T-MoS, (XO: metal
heteroatom), showing the hexagonal XMog units in XO-doped 1T-MoS, (X = Fe, Co, Ni). Reproduced with permission.['>!l Copyright 2019, Springer
Nature. e) HAADF-STEM and relating elemental mapping images of the 1T-MoS, nanosheets with Ni-based co-catalyst loaded on the surface. Repro-
duced with permission.['3] Copyright 2017, John Wiley & Sons. f) Schematic shows the interfacial synergy between Ru and MoS, for enhanced alkaline
HER. Reproduced with permission.[*8 Copyright 2017, Royal Society of Chemistry. g) Schematic shows the alkaline HER in the interface of MoS, and
LDH. Reproduced with permission.l%’l Copyright 2017, Elsevier. h) Photograph of the electrochemical microcell. i) Onset potential and j) Tafel slope
of MoS, as a function of contract resistance. (h—j) are reproduced with permission.l'>l Copyright 2016, Springer Nature.
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neglectable and even worse since the OER was sluggish at low
concentration of OH~.**81 In 2017, Hu et al. reported the nano-
hybridization of MoS, with layered double hydroxides (NiCo-
LDH), and demonstrated the Tafel slope of 76.6 mV dec™! and
overpotential of 78 mV at 10 mA cm~2 (1 v KOH, Figure 9g).l'*%]
This hybrid structure has the MoS, core and the thin LDH
outer layer (Figure 9g), where the LDH served as the acceptor
of the OH™. The above demonstrated “synergistic effect” sug-
gests that many other OER catalysts can be rationally designed
to bind with TMDs for an improved alkaline HER.

In hybrid structures, nevertheless, engineering TMDs still
need to be considered to further improve the HER once the
dissociation of H,O (or the adsorption of the OH") is secured
by the co-catalyst in the interface of the hybrid structure. Com-
parisons between the doped and hybrid TMDs also suggested
that the alkaline HER performance of the TMD-based hybrid
structures are not outstanding; while the careful tune of the
structure of 2D-TMDs (e.g., precise doping) is slightly difficult
at this stage.

4.6. Other Strategies and Factors

Beyond the fundamental manipulation of TMDs, there are
several other pathways to control and engineer their HER per-
formance, including electron transfer and substrate binding,
intrinsic charge engineering, and the formation of TMDs heter-
ostructures. Tsai et al. calculated the AGy« at the edge of MoS,
nanosheets on different substrates, demonstrated that the best
adhesion energy between MoS, and the substrate should be
—0.30 eV for the optimal H adsorption.?* On the other hand,
charge transport between the electrode and the catalyst is
important as it governs the Volmer and Heyrovsky reactions.
Many 1H/2H TMDs are semiconductors with poor electrical
conductivity, thus to drive the electrons to the active sites with
additional electrical potential. This extra driving force can be
minimized by size reduction, percolation, the addition of con-
ductive fillers and intimate contact with a conductive substrate.

Intrinsic charge engineering is one strategy to consider
this charge transport during the HER. It can facilitate elec-
tron injection from the electrode and transport to the catalyst
by improving the electrical coupling between the substrate and
the catalyst. Voiry et al. covered the edge of the MoS, by poly-
methylmethacrylate (PMMA) for pure HER measurements on
the basal plane (Figure 9h—j). They used phase engineering to
locally tune the contact resistance,['>*15% demonstrating that
both the Tafel slope and the onset overpotential of the basal
plane of 2H/1T MoS, nanosheets are highly depended on the
contact resistance. Building on the improved charge injec-
tion on the basal plane and the existence of some S vacan-
cies, the 2H MoS, nanosheets exhibited the low Tafel slope of
50 mV dec! and low onset overpotential of 100 mV.l">* Besides
this intrinsic charge engineering, improvement on the charge
transport to tune the AGy« has also been achieved via the
TMDs heterostructures. For example, Vikraman et al. demon-
strated the improved HER performance using MoS,-WS, het-
erostructures owing to the elevation of electron—hole separation
at the layer interfaces and sharing of active edge sites through
the interface.l'”] Kwon et al. have improved the HER catalytic
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performance of MoS, through the formation of n-TMD/p-
TMD heterojunctions to use the high electric fields in the p-n
junction.l'58 Although the fabrication of these materials is not
simple enough, the concept of the adhesion energy and charge
injection can be well employed in building the hybrid structure
that we have discussed above.

5. Comparison with other HER Catalysts

Our discussions suggest that 2D TMDs can be potentially well
used in both acidic and alkaline HER. In recent years, several
other state-of-the-art noble metal-free HER catalysts have also
been developed, including alloys, heteroatom-doped carbon
materials, metal phosphides, 2D metal oxides and MXenes
(e.g., metal carbides and metal nitrides). In 2006, Ngrskov and
co-workers calculated the AGy« of many pure metals and their
bi-metallic alloys (Figure 10a), and suggested that many alloys
are highly active for HER.'>) However, only a small fraction
of these alloys were predicted being stable in acidic HER envi-
ronments, including surface alloys of BiPt, PtRu, IrRe, and
PtRh.[">! These stable catalysts are still expensive and unsuit-
able for large scale implementations. Other noble metal free
alloys (e.g., NiMo) have also been reported being highly active
in alkaline electrolyte, but their corrosion in acidic solution is
still common.[*%0161 Alloys with reduced cost (e.g., tri-metallic)
and the monatomic/monolayered catalyst have also been
reported,['92719] which unfortunately still face either poor cata-
Iytic performance or challenging fabrication routes for large
surface coverage (e.g., high loading of Pt on carbon support).
In this regard, 2D TMDs exhibit significant advantages on the
high exposure of the surface, which can be activated for both
acidic and alkaline HER based on our discussions.

With the advantages of the low cost and easy fabrication, sev-
eral heteroatom-doped carbon materials have been reported for
HER in recent years, including N, O, S, and P doped carbon
nanomaterials.'°-17% Nevertheless, the HER catalytic perfor-
mance of these materials reported so far are still poor (most
Tafel slopes were larger than 100 mV dec™!) comparing with
that of 2D TMDs. Besides, like the alloy and heteroatom-doped
carbon catalysts, several 2D TMDs are also highly conductive,
i.e., the electrical conductivity of 10-100 S cm™ of monolay-
ered 1T MoS, sheet at room temperature, comparable to the
best-performing reduced graphene oxide sheet.*”! Even for the
semiconducting 1H 2D TMDs, their poor charge transfer can
be readily solved by intact contacting 2D TMD NCs onto the
conductive substrate (e.g., the surface of 3D graphene).'’!]

Like 2D TMDs, metal phosphides, such as Co,P, MoP, and
FeCoP, have the |AGyy| very close to 0 eV (Figure 10b).1'72I They
exhibited outstanding HER performance even superior to many
2D TMDs, i.e., the Tafel slope of 33 mV dec! and overpoten-
tial of 23 mV at j = 10 mA cm™ of the NisP, NCs (in 0.5 m
H,S0,),173 and the Tafel slope of 32 mV dec™! of FeP nano-
particles (in 0.5 M H,S0,).'”4 Some metal phosphides showed
good alkaline HER performance, and also good oxidation
resistance in both the acidic and alkaline electrolytes owing
to relatively strong bonds between the metal and phosphide
atoms.[173-176] Nevertheless, metal phosphides are typically non-
layered materials which increases the materials usage in the
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Figure 10. a) |AG.| on 256 pure metals and surface alloys. The rows indicate the pure metal substrates, and the columns indicate the solute
embedded in the surface layer of the substrate (the solute coverage is 1/3 layer and the adsorbed hydrogen coverage is also 1/3 layer). Reproduced
with permission.'*l Copyright 2019, Springer Nature. b) Activity volcano for the HER showing the electrochemical active surface area normalized
current density from at 7= 100 mV as a function of AG«. Reproduced with permission.[”2 Copyright 2015, Royal Society of Chemistry. c) Summary
of the different approaches to optimizing TMDs HER catalytic activity by control of electronic structure and active sites in a 3D electrode, leading to a
future where these can by synergistically applied to achieve cost-effective HER catalysis.

catalysis. The full exposure and participation of the surface and
edges in the HER render particular advantages of 2D TMDs,
although significant modifications of the materials (e.g., doping
and hybrid structure) and relating engineering works of the
electrode (e.g., 3D electrode) are still required to improve the
HER performance.

Besides TMDs, many metal oxides and (oxy)hydroxides such
as V,05 and 6-MnO, are also layered. Exfoliation of these mate-
rials can fully take the advantages of the high surface exposure
for electrocatalysis. Although these 2D materials are highly
promising in both the OER and oxygen reduction reaction
(ORR), their HER performance are too poor to comparable with
that of most advanced 2D TMDs.['77-179]

Other 2D layered materials beyond TMDs, the MXenes
(e.g., metal carbides and metal nitrides), have also been inves-
tigated as outstanding HER catalyst. They have also very low
AGyx close to 0 eV, and sometimes performed better HER per-
formance over the advanced 2D TMDs.8% Differing from the
active edge of 2D TMDs, the basal plane of many 2D MXenes
(except the Hf,N, V,N, and W,N) are HER active.'8% Neverthe-
less, the use of 2D MXenes in HER is highly stymied by their
limited fabrication techniques, i.e., the fabrication of Sc,C and
Hf,N which showed more optimized AGys than Mo,C.[18%
Even for the 2D MoC,, their top-down fabrication normally
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involve the selective etching process from their corresponding
MAX phases with toxic fluoride chemicals,[!8181 while that of
2D TMDs are highly successful, including the CVD (as well as
the epitaxial growth),®l solvothermal synthesis, 82! liquid phase
exfoliation,”* chemical exfoliation,®” tandem intercalation,”?!
and the controlled explosion technique.l'” Nevertheless, taking
both the advantages, and the “synergistic effected interface”
(see Section 4.4) between these materials, the improved HER
performance can be readily achieved by forming the hybrid
structure of the 2D TMDs and MXenes.[17:128:136]

6. Conclusion and Prospect

TMD materials are highly promising as HER catalysts as they
are relatively cheap, and highly tunable with phase-engineering,
defect-engineering, chemical doping, hybrid and 3D struc-
turing, as summarized in Table 3. These strategies all have both
advantages and disadvantages, with the path forward utilizing a
combination of these techniques. Ideally, a good HER catalyst
for practical uses should have the following key features:

i) A matched theoretical thermodynamic activity;
ii) A high density of catalytically active sites
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Table 3. Comparison of various approaches for improving the HER catalytic activity of TMDs (mainly the MoS, as examples). In most literatures, a
0.5 m H,SO, electrolyte was used (pH value should not be equal to 0), and the j, was usually affected by the amount of catalyst used in the test. We

do not conclude these differences in the table.

TMDs Strategy Tafel slope n[mv] JomAcm 3 Stability Specification Ref.
[mV dec™] (cycles/time)
2H-MoS, Nanoparticles (2 nm) 82-163 <160 - Stable (1000) Limited improvement, [182]
poor performance
MoS, Amorphous 41-63 (1 M H,SOy) - 1074710732 Unstable (6) Unstable catalytic performance [38]
MosS, Amorphous 40 (1 m H,SOy) <170 1.3x 107 Unstable (18) [39]
MoS, Amorphous 29 0 5.6x107" Unstable (1000) [41]
2H-MoS, Edge-aligned 86 - 22x107° Stable (1000) Promising, but the basal plane [48]
is inactive, edge can be enriched
with small aligned sheets
2H-MoSe, Edge-aligned 75 - 2.0x107° Slight change (1000)
2H-MosS, Edge-aligned 36 119 - Stable (1000) [183]
2H-MoS, Edge-aligned, 56-73 133 0.56-0.93 x 1073 - [57]
interlayer expanded
2H-MoS, 3D porous 50 <150 - - Edge exposed, charge [52]
transport is challenge
1H-MoS, Monolayer sheet 75-85 - - - Edge contribution is limited, [63]
inactive basal plane
TH-WS, Monolayer sheet 110 <150 [60]
1H-MoS, Size reduced 51 <120 =37x1073 - Inactive basal plane [10]
1T-MoS, Phase change 40 -100 - - Promising, edge contribution [63]
limited or basal plane need
to be further optimized
1T-WS, Monolayer sheet 55 <80 =2x1072 Stable (10 000) [60]
1T-MoS, Edge-aligned, interlayer 43-47 13 0.13-0.25x 1073 Stable (1000) [51]
expanded, phase change
1T-MoS, Phase change and 53 58 - - Promising, performance can be [69]
size reduction further improved, fine control
of the doping is challenge
1T-MoSSe Phase change, size reduction 40 49 - -
and doping
1H-MoS, Size reduction and 29 <60 413%x1073 Stable (3000) Promising, need to be [10]
surface vacancy further improved
2H-MoS, Doping, nanosheet 55 140 - Stable (9000 s) Promising, the basal plane [97]
is inactive, edge contribution
is limited
1H-MoS, Surface vacancy, strain 60 170 >1073 - Conceptual promising, the [86]
demonstrated performance is
poor, fabrication need to
be further explored
2H-MoSe, 2D sheet, doping 95.2 305 - Stable (12 h) Conceptual promising, [114]
challenges in the fine control
of the structure and doping.
1H/1T-MoS, Electron injection, 40-50 50 1-17 %1073 - [154]
monolayer, few vacancies
MoS,-WS, Heterostructure 72 129 436x 107 Stable (20 h) [149]
1T WSe, Phase change 150 300 - - Low mass loadings [26]

iii) High electrical conductivity for efficient charge transport;
iv) High stability; and

It is still highly challenging to manufacture TMD based cat-
alysts satisfying all these features. For example, owing to the

v) Simple fabrication pathways, efficiency utilization of material ~ abundant active sites adjacent to each other, amorphous MoS,

uses for low cost manufacture.

film with outstanding catalytic activity comparable to that of
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Pt has been demonstrated.*!] However, the catalyst durability
of the film was too poor to support the practical use.*!l Some
reported strategies for the TMD crystals with higher structure
stability are more promising, but the demonstrated HER per-
formance do not pass the threshold for commercial applica-
tions. Nevertheless, there are clear pathways forward to enable
TMD catalysts for the efficient HER, and it is likely a combina-
tional approach of size, defect, phase, hetero- and hybrid engi-
neering, and coupled with electrode structuring to account for
fluid and gas diffusion for the optimal performance of these
materials.

In a structural view, a porous 3D electrode instead of the
flat 2D substrate would be suggested. This electrode should
have both the high electrical conductivity and good mechan-
ical strength to bear the long-time impact of rapid H, bubble
movement in the mass production of H,, i.e., the edge aligned
nanosheets of TMDs (with expanded interlayer space) on
the structural strengthened 3D graphene (or other similar
supports). In this structure, edge ratio can be improved by
reducing the lateral size, while the HER improvement from
the interlayer expansion may be questionable since the mass
diffusion and gas (bubble) release in such a small interlayer
(=1 nm) is considerable poor comparing with that on the sur-
face and edge exposing to the electrolyte directly. To expose
the full surface, TMDs branches built by monolayered NCs on
highly conductive stander like that of vertically aligned structure
may be useful. Nevertheless, the formation of TMDs mono-
layer perpendicular to the 3D channel is highly challenging at
the current stage. This structure also cannot promise the high
mechanical strength of the active layer (e.g., desquamation from
the substrate). With this consideration, the hybrid edge aligned
nanosheets with thin TMDs layers outside the electrically con-
ductive layers (Figure 10c) may be more promising. The TMD
nanodomains could also hybrid with the conductive part at the
outermost layer to improve the charge injection efficiency to the
catalytically active site (Figure 10c). Fabrication of this hybrid
structure is accessible, for example, the insufficient and con-
trolled sulfuration of the monoclinic MoO, (metallic) sheets.
The above structures on the 3D support may be too ambi-
tious, and the structure on the surface of alternative mechan-
ical robust and electrically conductive support (e.g., the carbon
cloth) can be used (Figure 10c). Alternatively, to alleviate the
negative effects from the electron hopping between multilayers
and give more exposed active sites, rationally designed mon-
olayered TMDs NCs (e.g., with high density of the active site,
low E, and suitable AGyy) could also layer-by-layer stacked with
the internal channel of the 3D electrode (Figure 10c), if the
interaction to the conductive substrate can be finely tuned for
more efficient charge transport and the best matched AGy». In
many reported literatures, 3D graphene have been frequently
used to build HER catalyst owing to the large pore size and high
electrical conductivity. Some functionalized 3D-G materials
have the improved mechanical strength, while the electrical
conductivities were normally degenerated.'® 18] Functionaliza-
tion of the 3D-G with conducting polymer is also difficult in this
case when the molecular of these conducting polymers are gen-
erally rigid (e.g., pyrrole). Rare works have been conducted to
improve the mechanical strength, toughness and maintain the
good electrical conductivity of such kind catalyst supports for
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efficient HER. The influence of these catalyst supports on the
catalytic performance is still need to be well established.

Building on the rationally designed structure of the elec-
trode, the active part of the catalyst then can be further modi-
fied to follow the discussed strategies or their combinations
(Figure 10c). Specifically, the activation of the surface could be
realized by both the phase change and the surface vacancy/
doping. As for the metallic 1T TMD monolayers reported so
far, the demonstrated HER catalytic performance was actually
not so good as expected.?2246364 More significantly improved
HER performance was achieved on their small NCs (e.g.,
sub-5 nm).[%! Nevertheless, the Tafel slopes of these 1T TMD NCs
(=40 mV dec™!, according to the slow Heyrovsky reaction) are
still higher than the 29 mV dec™! of the S-depleted 1H MoS, NCs
(=12.5 nm) and amorphous MoS,,1%*] due to likely the still high
AGy (e.g., 0.12 eV of MoS, monolayers) on the basal plane and
the low ratio of the 1T monolayers in those as-prepared samples.
Activation of the Tafel dominated reaction may need more adja-
cent active sites on the surface or the tuned reaction barriers by
forming both the surface vacancy and doping. Improving the 1T
ratio in a preparation may be realizable by taking the repeatedly
and controlled insertion reaction with Li/Li* based on the small
size and strong diffusion ability of the Li/Li* (repeat diffusion
and insertion into the structure of TMDs to form a metastable
phase), though it needs to be experimentally confirmed. Besides,
the 1T TMDs are principally unsuitable for long-term operation
due to the metastable nature. In this point, precise single-atom
doping of the TMD can be considered as a pathway to adjust the
structure stability, while the dopants can also serve as the highly
active sites.'8¢187] Although DFT calculations suggested that the
some types of the doping, in particular the precious metals, on
the pure TMDs (Table 2) are difficult,**1%1% the progress on
the chalcogen-depletion of TMDs offers more possibility,1083-56],
i.e., the stabilization of the Pt atoms on the chalcogen vacancy.
More theoretical modeling is therefore highly anticipated to
assist understanding the catalysis and the stability associated
with these doping modifications. Although 1H S-depleted MoS,
NCs were believed having metallic feature from theoretical
calculations,'%7! their 1T counterparts are still considered more
promising. Nevertheless, further modifications of the 1H mon-
olayered TMDs NCs may be necessary, if the phase stability of
1T TMDs cannot be well addressed. While the precise estimation
of the catalytic activity is highly success with some conceptual
devices,1>*1%8] development of the direct evaluation of the cata-
lyst’s stability is slightly behind. Upon the chemical doping at the
atomic-level, the slight change of the catalyst may not be detect-
able by the frequently used “long-term” (e.g., hours or days)
polarization curves of the power samples and ex situ characteri-
zations. Other in situ observations of the catalyst may need to be
involved by integration with the conceptual device, such as the
electrochemical scanning tunneling microscope (ECSTM),!%
the scanning transmission electron microscopy (STEM),' the
tip-enhanced Raman-SPM/AFM (SPM: scanning Probe Micros-
copy) combined microscopy and beyond.**!

To tune the HER catalytic performance of TMDs, other tech-
niques such as the formation of Janus structure, the creation of
heterostructures and the interaction control between the TMDs
and substrate would been also considered, though some prepara-
tions are still not feasible and cost-effective. These preparations
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would be more complex in practical cases when more than one
sensitive factors are involved to tune the catalytic performance.
Another powerful aspect of TMD catalysis that can be used in
complement to the techniques we have discussed is the fabrica-
tion of chemically functionalized TMDs, these functionalities
can include noble metals as we have discussed above, and also
the metal organic frameworks, layered perovskites, hybrid struc-
tures or organic group functionalization.['6-158192-1% This is an
emerging a powerful field as it opens a whole new set of possibili-
ties to active the catalytically active sites of TMDs and add catalytic
activity, via the functional moiety, to inactive sites on the pristine
TMD for both acidic and alkaline HER. Since heterostructuring
is hugely flexible owing to van der Waals stacking, unique elec-
tronic band structures (e.g., tune the AGyx and enable improved
charge injection between interfaces) can be fabricated and tested
in an extremely simple and controllable manner.[27:128,133-136]
Together with some doping strategies, it also supports the alka-
line HER of TMDs based materials.'>*1>8] While heterostruc-
turing will need to be supported by robust DFT calculations."’]
It unlocks a plethora of potential material combinations and a
whole new field of potential HER catalysts. While TMD hetero-
structures for electrocatalysis are only few and far between,[14%150
recent reports on improved synthesis techniques for photoca-
talysis show the promise and power of this approach.®-2% On
the catalytic activity scale, the emerging twistronics may be intro-
duced to precisely control the electronic structure of TMD bilayer
heterostructures, where just by changing the angle of stacking
significantly changes in band-structure emerge.?°1202] As studied
between a wider variety of TMDs or incorporated into machine
learning theory,2%3204 it is anticipated to be another powerful
tool for optimized HER catalysis.

Therefore, building on the rational design of the electrode
structure, and combining all of the techniques described above,
TMDs can be highly promising catalysts to replace precious
metals in efficient electrochemical HER (Figure 10c). This can
be realized by building on more experimental and theoretical
investigations on both TMDs and catalyst supports, as well as
complementary 3D spatial electrode design.
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