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Metallic Transition-Metal Dichalcogenide
Nanocatalysts for Energy Conversion

Haoyi Li," Xiaofan Jia,” Qi Zhang," and Xun Wang'*

Metallic transition-metal dichalcogenide (TMDC) nanomaterials have emerged
as highly active and robust catalysts for energy conversion from renewable elec-
tricity or solar energy to fuels via electrochemical or solar-driven water-splitting
technologies. Possessing intriguing electronic and catalytic properties, this
category of materials based on earth-abundant elements is increasingly being
explored and developed for practical applications. This review provides in-
depth insights into recent progress regarding electrocatalysis and photocataly-
sis using metallic TMDC nanomaterials. After the introduction and fundamental
illustration of the structures and extraordinary properties, we discuss the signif-
icant developments in synthetic methodologies and energy conversion applica-
tions with significant strategies for enhancing catalytic performance. Several
personal perspectives on the opportunities and challenges in this promising
realm are discussed in the conclusion.

INTRODUCTION

Sustainable and renewable energy sources have become increasingly indispensable
because of the high demand for energy nowadays.' Hydrogen (H,), regarded as a
zero-carbon and clean-energy carrier with sufficient availability and high calorific
value, has shown promise in meeting industrial and social requirements.? At present,
the main sources of H, are reform reactions of hydrocarbons (such as methane) or
alcohols (such as methanol) from natural gas, which have a low conversion rate
and produce carbon dioxide (a potent greenhouse gas) as the by-product.® There-
fore, it is worthwhile to explore and develop environmentally friendly and sustain-
able H, production technologies. The continued growth of renewable energy
technologies has become significant on the basis of the fundamental demands of
society to decrease the current reliance on fossil fuels.* Electrochemical and solar-
driven water-splitting approaches are comparatively mature technologies for gener-
ating Hy, converting electric and photovoltaic energies to chemical fuels for storage
and transport.>® However, the noble-metal-based catalysts used in these technolo-
gies hinder their comprehensive development because of the high cost and scar-
city.” Therefore, low-cost and earth-abundant alternatives with high activity and
long-term durability are urgently required. Motivated by this extremely fascinating
perspective, researchers have spared no efforts to develop innovative types of ma-
terials for energy conversion.

High-performance and inexpensive catalysts based on earth-abundant transition
metals, such as hydroxides, oxides, sulfides, nitrides, phosphides, carbides, and sel-
enides, have led to a breakthrough in the field of water-splitting technology.®~'*
Among these materials, transition-metal dichalcogenides (TMDCs) have been
widely investigated because of their interesting physical, chemical, and electronic
properties.’>"” On the one hand, TMDC nanomaterials possess two-dimensional
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The Bigger Picture
Comprehensive investigation of
metallic transition-metal
dichalcogenide (TMDC)
nanocatalysts has surged in recent
years because of their appealing
electronic and catalytic
properties. The excellent inherent
catalytic activity makes these
catalysts promising alternatives to
noble-metal-based catalysts for
facilitating energy conversion
processes, especially for
hydrogen evolution via
electrochemical and solar-driven
water splitting. The significant
achievements can lead to
sustainable energy conversion
based on the large-scale
deployment of earth-abundant
catalysts.

This review focuses mainly on the
progress in TMDC nanomaterials
as catalysts for energy conversion.
We demonstrate the key advances
in synthetic methodologies and
electrocatalytic and solar-driven
water-splitting applications,
especially innovative approaches
to improving catalytic
performance. The opportunities
and challenges for the future
development of metallic TMDC
catalysts are also discussed.
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(2D) layered structures just like graphene, which have the distinct feature of func-
tioning at a thickness down to atomically thin mono- or multi-layers. The ultrathin na-
ture of 2D TMDCs nanosheets contributes to the advantages of exposing catalytic
active sites on both the edge and basal planes, which is beneficial for electrocatalysis
and photocatalysis.'®'” On the other hand, it is a universal principle that different
electronic structures can give rise to changes in intrinsic catalytic activities.”” Based
on the achievements of various TMDCs, versatile electronic structures have been re-
ported with diverse filling of the d orbitals of the transition metals, resulting in
distinctive catalytic behavior. Except for selecting suitable TMDC compounds, the
overall structural phase engineering is closely related to the changes in the elec-
tronic and crystal structures, which results in the formation of metallic and semicon-
ducting phase TMDCs.”! Compared with semiconducting phase TMDCs, metallic
TMDCs with fascinating electronic structures can facilitate electrode kinetics, lower
the loss of electrical transport, and increase the density of catalytic active sites, which
enable the eye-catching enhancement of their intrinsic catalytic performance.?” With
the rapid development of this field, a large number of studies have been carried out
on metallic TMDC nanomaterials in fundamental research and practical applications.
From the perspective of the importance of catalysis using metallic TMDCs in stra-
tegic applications, this category of materials exhibit extraordinary advantages in
contrast to other catalysts. Low-cost and accessible fabrication, as well as catalytic
activity proximal to that of noble-metal-based catalysts, endow metallic TMDCs
with promise and feasibility to be applied as state-of-the-art catalytic materials in
practical water-splitting systems, and comparable catalytic performance to Pt-based
catalysts has been shown in experimental measurements.”> New members of this
family of materials with innovatively designed architectures and corresponding facile
synthetic processes are gradually being developed.

In this review, we mainly summarize recent progress in electrochemical and solar-
driven water splitting utilizing metallic TMDC nanomaterials. First, we introduce
the fundamental structures and extraordinary properties of this category of mate-
rials. Then, we provide in-depth insights into the synthetic methodologies, energy
conversion applications, and relative mechanistic investigations to emphasize the
key advances in promoting the catalytic performance of metallic TMDCs. Finally,
we propose opportunities and challenges in this promising field to provide direction
for future development.

FUNDAMENTAL STRUCTURAL FEATURES AND EXTRAORDINARY
PROPERTIES

Generally, 2D TMDCs are denoted by the general formula MX;, where M represents
a transition-metal atom typically from group IVB to VIIB in the periodic table, and Xis
a chalcogen atom such as S, Se, or Te. In terms of molecular structure, these nano-
materials have the general form X-M-X, one unit of which is composed of three
atomic layers. One metal atom layer in the center plane is sandwiched between
two chalcogen atom layers, providing a stoichiometric ratio of 1/2 for MX,.%* In
the compound molecule, +4 and —2 valence states correspond to the metal and
chalcogen atoms, respectively. The valence states of the elements reflect the degree
of oxidation, further affecting the strength of the ionic bonds between transition-
metal and chalcogen atoms.?’ In the interlayer of 2D TMDCs, there are weak van
der Waals forces, leading to the formation of single layers from the bulk counterpart
via exfoliation.?® According to the structure of the unit cell, the phase of TMDCs is
classified as trigonal prismatic and octahedral (Figure 1A).?* The trigonal prismatic
phase matches the 2H or 3R phase, which has the same metal atom coordination
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Figure 1. Fundamental Structures and Distinctive Characteristics of Metallic TMDCs

(A) The structure polymorphs of TMDCs: 2H, 3R, and 1T. The yellow ball represents a chalcogen atom (X), and the gray ball represents a transition-metal
atom (M). Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature Nanotechnology Wang et al.,**
copyright 2012.

(B) A large-scale atomic force microscopy (AFM) image of exfoliated MoS, flakes. The white line is the height measurement taken from the red line. The
inset shows a typical digital photo of lithium-intercalated and exfoliated MoS, suspension in water. Reprinted with permission from Eda et al.”®
Copyright 2011 American Chemical Society.

(C) HRSTEM image of a metallic 1T MoS; nanosheet obtained by chemical exfoliation. Inset: SEM image of the corresponding products showing large-
scale production. Reprinted with permission from Voiry et al.”” Copyright 2013 American Chemical Society.
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Figure 1. Continued

(D) FT analyses at Mo K-edge in R-space from EXAFS data reveal shortening of the Mo—-Mo bond length and Mo-S coordination state in metallic 1T MoS,
in contrast with the bulk sample (2H phase). Reprinted with permission from Liu et al.”® Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

(E) XPS spectra showing the Mo 3d and S 2s regions of 1T and 2H phase MoS,. The lower curve corresponds to a typical 2H phase, and the upper curve
can be fitted with both 1T and 2H phase components. Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature
Materials Kappera et al.,”> copyright 2014.

(F) Raman spectra comparing the as-grown sample (2H phase) and the exfoliated MoS, (1T phase) nanosheets. Reprinted with permission from Lukowski
et al.”” Copyright 2013 American Chemical Society.

(G) XRD patterns of metallic 1T MoS; nanosheets, including fresh and 6-month-old samples. The shift of the (002) peak exhibits increasing interlayer
distance compared with that of the JCPDS card for 2H phase MoS,. Reprinted with permission from Liu et al.?® Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA.

and can be distinguished from symmetry. The two X—-M-X layers of one unit cell in 2H
phase TMDCs exhibit a hexagonal symmetry of stacking belonging to the D3y, group
and the three X-M—X layers of one unit cell in 3R phase display a rhombohedral sym-
metry of stacking affiliated to the C3, group. Meanwhile, the octahedral phase refers
to the 1T phase, which has the characteristics of tetragonal symmetry (D34 group)
and octahedral coordination of the metal atoms. Different phases vary the electronic
structures because of diverse filling of the d orbitals of the transition metal. Com-
bined with energy band structures, their semiconducting nature is attributed to
the fully filled d orbitals, whereas partially filled d orbitals cause their metallic na-
ture.”’ Some TMDCs in a thermodynamic stable state have semiconducting proper-
ties (such as MoX,, WX,, and ReX5,), and others show metallic features (such as TiX5,
VX2, NbXz, and TaX,).?"

For metallic TMDCs, there are a few distinctive characteristics that distinguish them
from their pristine semiconducting counterparts. As shown in Figure 1B, metallic
1T MoS; produced via lithium intercalation and exfoliation shows large-sized ultra-
thin flakes of 1-1.2 nm thickness in solution phase.?® A high-resolution scanning
transmission electron microscopy (HRSTEM) image (Figure 1C) shows the distorted
regions with zigzag chains of Mo clusters and (2a X a) superlattices,?” which mostly
belong to WTe,-type structures, with a minority matching undistorted TiS,-like
structures.’*?* The WTe,-type structures of metallic TMDCs are special forms of
ideal metallic phase structures, denoted as 1T’ phase for MoX; and WX;. A scanning
electron microscopy (SEM) image of the large-scale production of exfoliated MoS,
nanosheets is displayed in the inset of Figure 1C. The Fourier-transform (FT) profiles
(Figure 1D) at the Mo K-edge in R space from synchrotron radiation-based extended
X-ray absorption fine structure (EXAFS) data reveal an obvious shift from 3.18 to
2.75 A of the second peaks related to the Mo-Mo bond at the near edge. Phase tran-
sition from 2H to 1T phase gives rise to shortening of the Mo—Mo bond of MoS,. The
peak intensity of the nearest Mo—Mo bond decreases, suggesting a reduction in the
coordination number of Mo—Mo. This changes demonstrate that 1T MoS; is appro-
priate for distorted octahedral coordination.?® In addition, X-ray photoelectron
spectroscopy (XPS) also provides direct evidence for differentiating metallic 1T
and semiconducting 2H phase TMDCs. This measurement is sensitive to changes
in the Fermi level between phases 1T and 2H.** Compared with 2H phase, the
peak positions of metal orbitals in 1T phase have an evident downshift of about
0.8 eV (Figure 1E).?’ It is not easy to identify the ideal undistorted or distorted struc-
tures of 1T phase from XPS spectra. Raman shifts at 150, 219, and 327 cm™'
(recorded as J1, J2, and J3, respectively), except for the Eg and A;g modes of pristine
2H MoS; (Figure 1F), testify to the formation of 1T MoS,,*® which corresponds to the
superlattice structure of the distorted 1T phase.?” Intercalation may lead to enlarge-
ment of the interlayer spacing of TMDCs, which can be demonstrated by X-ray
diffraction (XRD) from the shifted peak of the layer.?® In Figure 1G, the (002) peak
of 1T MoS, downshifts to a lower degree of 9.31°, and a new (004) peak at 18.65°
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also appears. Compared with pristine MoS,, (the (002) peak is located at 14.38°, cor-
responding to interlayer spacing of 6.15 A), the interlayer spacing of 1T MoS; is
increased by 3.35 A, indicating the existence of intercalant in the interlayer. These
distinctive characteristics can assist in identifying the formation of metallic TMDCs,
in favor of further practical applications.

With regard to energy conversion-related electro- and photocatalysis, semiconduct-
ing TMDCs do not give a high performance because of the slower charge-transfer
kinetics and passivated active sites.”’** Compared with their semiconducting coun-
terparts, metallic TMDCs show extraordinarily interesting properties for catalysis.

20:21.24 \which means

The band gap of TMDC can be tuned by phase engineering,
the electrical conductivity of TMDC enables remarkable enhancement from semi-
conducting to metallic characteristics. This feature is considered pivotal for
improving catalytic performance. Metallic TMDCs are endowed with faster elec-
trode kinetics and lower loss of electrical transport during electrocatalysis.”? More-
over, it has been proven that the inherent catalytic activities of metallic TMDCs are
much higher than semiconducting TMDCs as a result of the proliferated active
sites.”’?” In contrast to the inert basal planes of semiconducting TMDCs, metallic
TMDCs are catalytically active at both basal planes and edges and possess thermo-
neutral hydrogen adsorption free energy benefitting the hydrogen evolution reac-
tion (HER). Conversion of semiconducting TMDCs to their metallic counterparts
through structural phase transition is a great success, and enhancement of catalytic
activity can be easily achieved. The key advances of metallic TMDC nanomaterials in
energy conversion-related catalysis emphasized here have core significance for uti-
lization in practical water-splitting systems.

SYNTHETIC METHODOLOGIES

High-quality target product prepared by an accessible synthetic methodology is a
basic requirement for investigating the properties and practical applications. In
this section, we summarize the available synthetic strategies for metallic TMDC
nanomaterials, including top-down exfoliation from bulk counterparts, bottom-up
direct synthesis, and other alternative approaches inducing phase transition. We
also evaluate the relative advantages and weaknesses of each specific strategy.

Top-Down Synthesis via Exfoliation with Alkali Metal Intercalation

At present, the most commonly used strategy for synthesizing metallic Mo or W chal-
cogenide nanomaterials is exfoliation assisted by organolithium intercalation from
semiconducting counterparts. As a reducing agent, organolithium can donate an
electron to TMDCs, which is transferred into the d orbital of the transition metal
and thus increases the electron density. This electron transfer process may induce
phase transition from hexagonal phase to tetragonal phase. On the basis of this
method, high-quality and large-sized 2D metallic TMDCs nanosheets were easily
produced (Figure 1C) and utilized in HER for energy conversion.?®?”-?73837 Typically,
mono- or multi-layer TMDC nanosheets were produced via the intercalation of Li* by
soaking counterpart powders in a hexane solution of n-butyl lithium for 48 hrand sub-
sequent reaction between the intermediate product with water. During the process
of intercalation and exfoliation, microwave and ultrasonication can be used to induce
slippage between flakes, facilitating the infiltration of lithium ions.*® Moreover, the
lithiation approach can also be applied to induce phase transition from 1T to 2H
phase of TaS,; the 1T phase is thermodynamically stable.”’ This strategy for
manufacturing metallic TMDCs is quite facile to acquire pure phase, high-quality,
and monolayer 2D TMDC nanosheets with large flake size. Nevertheless, it is still a

1514 Chem 4, 1510-1537, July 12, 2018
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Figure 2. Diverse Strategies for Synthesis of Metallic TMDCs

(A and B) TEM (A) and HRSTEM (B) images of 1T WS, nanosheets via colloidal synthesis. Reprinted with permission from Mahler et al.®® Copyright 2014
American Chemical Society.

(Cand D) TEM (C) and HRSTEM (D) images of 1T MoS; nanosheets via hydrothermal reaction. Reprinted with permission from Liu et al.”® Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA.

(E) Schematic illustration of APCVD growth for metallic TaS,. Reprinted from Shi et al.”’

Chem 4, 1510-1537, July 12, 2018 1515
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Figure 2. Continued

(Fand G) TEM (F) and HRSTEM (G) images exhibit a triangle domain of 2H TaS; with thickness of ~20 nm and disordered periodic lattice distortion with

hexagonal symmetry. Inset in (G) is the corresponding FFT pattern. Scale bars, (F) 1 um and (G) 3 nm. Reprinted from Shi et al.”’

(H and I) Schematic illustration of the laser-irradiation process for phase patterning of MoTe; (H) and optical microscopy images of exfoliated 2H MoTe,
flakes before (upper) and after (lower) laser irradiation. Patterned and nonpatterned areas are marked by 17" and 2H, respectively. Reprinted with
permission from Cho et al.>” Copyright 2015 AAAS.

(J) Schematic diagram exhibiting the phase transition from 2H to 1T of single-layer TMDCs via uniaxial strain. The region can be freely suspended or
located on a low-friction substrate. Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature Communications
Duerloo et al.,”® copyright 2014.

(K) The relationship of Helmholtz free energy and force with degree of deformation. In step 1, only 2H phase deformation exists, and no phase transition
is observed. In step 2, the lowest free-energy path is a common tangent between the 2H and 1T’ energy surfaces, indicating co-existence of the two
phases. A plateau of the external force is shown in this domain. In step 3, further extension may cause the complete phase transformation to 1T’ phase.
Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature Communications Duerloo et al.,”” copyright 2014.
(L) Schematic formation of 1T MoS; through Ar plasma treatment. Reprinted with permission from Zhu et al.”* Copyright 2017 American Chemical
Society.

great challenge to improve the yield via this method, which reaches just 10%-20%.
The metastable feature of the products,’” meaning that the metallic TMDCs are
readily converted back to semiconducting phase, especially for MoS,, should also
be considered. The nonuniformity of the size and morphology is another issue to
be addressed. Therefore, there is still a long way to go to improve this strategy.

Some further developments based on this strategy have been explored. (1) Electro-
chemical intercalation: Zhang and co-workers previously reported lithium intercala-
tion of TMDCs via an electrochemical method. Single-layer MoS,, WS,, TiS,, TaS,,
ZrS;, NbSe,, etc. have been successfully synthesized and gaseous by-products
enabled the separation of the nanosheets.”>** (2) Solid-state intercalation: using
lithium borohydride can result in intercalated TMDCs powders (such as ReS,
and WS)) at a high temperature.“>*¢ (3) Changing reducing agent and intercalated
ions: Zheng and co-workers used naphthalenide as the reducing agent instead of
butyl and other alkali metals as intercalated ions to realize the high-efficiency inter-
calation and exfoliation of TMDCs.”” Although there are still numerous efforts that
need to be explored, these are not discussed here. Instead, we discuss the possibil-
ities for future development.

Bottom-Up Direct Synthesis

In contrast to top-down exfoliation, bottom-up direct synthesis has the advantages
of high-purity and high-quality production, rapid reaction, uniform product size and
morphology, and simple operation. These superiorities endow these strategies with
a higher possibility for practical use. In this section, we introduce colloidal synthesis
and chemical vapor deposition (CVD) methods.

Colloidal synthesis can successfully achieve comparatively large-scale production
with high quality. Colloidal synthesis may improve the stability of metastable
metallic TMDCs via the introduction of interactional substances,”®*® which is an
advantage over the intercalation-exfoliation strategy. In recent years, this method
has facilitated extension of reaction systems for the synthesis of various metallic
TMDCs. Mahler et al.“® have studied the colloidal synthetic protocol for producing
WS, monolayers in an oleophilic reaction system. As shown in Figures 2A and 2B, the
as-prepared 1T WS, presents a monodisperse rounded nanosheet morphology with
a diameter of ~100 nm and a typical distorted 1T structure. In this system, the phase
transition of WS, can be realized by a slight modification of the reaction conditions,
which provides an opportunity to develop controllable synthesis for phase engineer-
ing of colloidal TMDCs. A facile one-step hydrothermal reaction can also realize pro-
duction of colloidal 1T MoS,.2% The ultrathin nature of the nanosheets and highly
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distorted octahedral structure with (2a X a) superlattice regions confirm the forma-
tion of 1T MoS; (Figures 2C and 2D). Moreover, multi-layer 1T" MoTe, and MoSe;
nanosheets were successfully synthesized via a one-pot solvothermal strategy,*?:>°
enriching the family of colloidal synthetic strategies for metallic TMDCs. However,
there are still some issues to be addressed for colloidal synthesis in future studies,
such as the selection of reaction systems, environmental impacts, and product
repeatability. We believe that colloidal synthesis will become one of the most essen-

tial methodologies in practical applications.

The key advances with CVD synthesis are high-quality products with a clean surface and
uniform size and morphology, which facilitates investigation of the detailed atomic struc-
tures and electronic properties of the materials. Here, we emphasize fabrication of
metallic TaS; and VS,. Low and atmospheric pressure CVD (LPCVD and APCVD) routes
have been designed by Shi et al.”" to directly synthesize metallic centimeter-sized uni-
form, ultrathin TaS, films and thickness-tunable TaS; flakes on Au foil (Figures 2E
and 2F). The highly crystalline TaS, with a hexagonally arranged Bragg scattering pattern
displays the single-crystalline feature of the 2H Ta$S; triangle (Figure 2G). Similarly,
Ji et al.>® reported an APCVD method for the growth of metallic VS, nanosheets
on SiO,/Si substrate with sub-10 nm thickness and lateral sizes of tens of micrometers.
These studies are extremely pioneering for CVD growth of metallic TMDCs. More efforts
should be made to expand the family of compounds obtained by this route. The disad-
vantages of CVD synthesis, such as high cost, high energy consumption, and relatively
small-scale production, hinder the rapid development and scale-up applications, and
thus other efficient designs still need to be explored.

Other Alternative Strategies for Phase Transition

Several strategies have also driven endeavors to bring about phase transition of
TMDCs. Here, we summarize some typical and fascinating examples. (1) Laser-
induced: an ohmic heterophase homojunction between 2H and 1T MoTe; has
been fabricated using a laser-induced phase patterning method (Figure 2H).>* Fig-
ure 2| shows that the MoTe; flakes become thinner and a new structural phase
evolves after laser irradiation. (2) Mechanical strain: a freely suspended TMDC
monolayer with its armchair axis pointing across a trench is shown in Figure 2J, which
requires a range of tensile strains from 0.3% to 3% for phase transition under uniaxial
conditions.”® The Helmholtz free energy and force changes along with the degree of
deformation are shown in Figure 2K. (3) Weak Ar-plasma treatment: Zhu and co-
workers utilized weak Ar-plasma bombardment to locally induce phase transition
from 2H to 1T monolayer MoS, to form mosaic structures (Figure 2L).°* Lateral
sliding of the top S layer is triggered by kinetic energy from Ar ions (in plasma), which
leads to the generation of 1T phase nanostructures. In addition, electron beam irra-

¢ and hot electrons generated from plasmon decay®’ can also motivate

diation®
phase transition of MoS; from 2H to 1T phase. It is believed that these latest routes
to thermodynamically impel phase transitions between semiconducting and

metallic-group VIB TMDCs hold great promise for future studies.

STABILITY OF METALLIC TMDC NANOMATERIALS

In this section, we discuss strategies for stabilizing metallic-group VIB TMDCs given
that very few reports are related to the stability of other metallic TMDCs. This feature
plays an essential role in fundamental research and practical applications. Structural
stability is considered to be one of the most importantissues that need to be urgently
addressed to achieve widespread use in future applications. It is widely proven that
semiconducting VIB TMDCs are thermodynamically stable, whereas the metallic 1T
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Figure 3. Stability-Related Calculations of Metallic Group VIB TMDCs

(A) Differences in phase energetics among 2H, 1T, and 1T" group VIB TMDCs without mechanical stress. Reprinted by permission from Springer
Customer Service Centre GmbH: Springer Nature, Nature Communications Duerloo et al.,”® copyright 2014.

(B) Mo 4d densities of state (DOS) and simplified illustrations within crystal field theory for 1T (1) and 2H MoS; (2). Fermi level is set to 0 eV. For 2H MoS,,
the Fermilevel passes through the band gap and is semiconducting. For 1T MoS,, a wide band hosts the Fermi level and thus it is metallic. By doping the
1T MoS; lattice with a donor electron, the Mo 4d,,,,. «; orbitals become half-filled and thus the 1T phase is stabilized. On the contrary, when electrons

are donated to the Mo 4d,, orbitals of 2H MoS; and the Mo 4d,,_,, orbitals remain unoccupied, the electronic structure has metallic character, which

leads to destabilization of the lattice. Reprinted with permission from Enyashin et al.®”

Copyright 2011 American Chemical Society.
phase is metastable and is preferentially converted back to 2H phase.”® Some inves-

tigations have been carried out to develop effective ways and prove that it is quite

possible to realize the stability of metallic-group VIB TMDCs. The fundamental influ-

ences on the structural stability of 1T phase are structural distortion and the existence

of interacting matter.?’>* As shown in Figure 3A, the 1T’ phase MX; has much lower

ground-state energy without mechanical stress than that of 1T phase counterparts.

Coupled with mechanical strain, the structural deformation can be tuned to achieve

different levels of phase transition, and thus the stability of metallic TMDCs depends

on the structural distortion.®**? Furthermore, introducing interacting matter can

drastically enhance the structural stability of metallic TMDCs. Ammonium ions?®
and surface ligands®® can interact with MoS,~ and WS, forming electrostatic forces
that benefit stabilization. Meanwhile, the electro-donating character of Au or Re im-
purities makes 1T phase MoS; and WS, genuinely more stable.”**’“° Electron dona-
tion of Mo d,y levels has been shown to stabilize 1T phase and destabilize 2H phase
(Figure 3B). Negative charges can also affect the stabilization of metallic TMDCs.
Excess chargesin 1T MoS; and WS, keep the higher temperatures of 1T-to-2H phase
transition, but charge reduction by halogen induction decreases the tempera-
tures.***® According to first principles calculations, there is an energy barrier of
0.95 eV for 1T to 2H phase transition, which agrees with the experimental measure-
ment value of ~0.87 eV.?”*® These results indicate that the stability of metallic
TMDCs is realizable. The structural stabilization of metallic TMDCs as electrode
materials during electrolysis is the basis of practical utilization. Our previous work®’
verified that amorphous Ni-Co complexes can stabilize 1T MoS; under external
oxidation potentials; we propose that the reason for this is that the strain generated
by the amorphous part makes the structure of 1T MoS; distorted. Notably, a single-
walled carbon nanotube is an excellent choice for hybridization with metallic TMDCs
(e.g., M05,%? and MoSe,®?), which significantly benefits a high-efficiency electron/
ion transport pathway and structural stability. Hybridization may provide a potential
opportunity to realize feasible industrial and social deployment of metallic TMDCs.

UTILIZING METALLIC TMDC NANOMATERIALS AS CATALYSTS FOR
ENERGY CONVERSION

High-efficiency and ultrastable catalysts for energy conversion hold tremendous
promise for industrial deployment and social demands. Here, we mainly focus on
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hydrogen generation through electrocatalytic and solar-driven water splitting, which
has attracted a great deal of attention in recent years. The major aim of most studies
is to develop low-cost and earth-abundant alternatives to noble-metal-based cata-
lysts with high activity and long-term durability. Metallic TMDCs, a novel category of
catalysts based on non-noble metals, possess fascinating catalytic activities for
hydrogen production, making a momentous contribution to sustainable develop-
ment of energy utilization and environmental pollution control. Their structural
and electronic properties can be tuned to explore the fundamental behavior and
enhance catalytic performance. In this section, we present recent progress in
metallic TMDCs for electrocatalysis and photocatalysis and present some related
mechanistic examples to clarify the world of the catalytic HER over metallic TMDCs.

Metallic TMDCs for HER Electrocatalysis

Electrochemical HER from water splitting is an effective and environmentally friendly
way to produce hydrogen.® Compared with their semiconducting counterparts,
metallic TMDCs as highly active and robust electrocatalysts are predominate in
intrinsic catalytic activity because of their distinctive structural and electronic struc-
tures. To be specific, proliferative catalytically active sites and fast electrode kinetics
and charge transport are the two core advantages of metallic TMDCs in electrocatal-
ysis. We further demonstrate the underlying reasons for the inherent superiorities
and structural and compositional designs for the enhanced performance. Other fac-
tors influencing HER activities on the basis of metallic TMDCs are also proposed.

Identification of the Intrinsic Electrocatalytic Activity

MoS; is one of the most studied TMDCs and the most promising candidates for HER
electrocatalysis to replace Pt-based noble-metal materials for practical applica-
tions.'>'®?? In 2005, Hinnemann and co-workers first proved the presence of
electrocatalytic active sites for HER located on the edges of MoS, nanoparticles
by density functional theory (DFT) calculations.®® Figure 4A shows the sulfur sites
of hydrogen binding at the edges are 2-fold coordinated to molybdenum atoms.
According to the calculations, the first hydrogen is strongly bound and additional
hydrogen atoms are adsorbed with a low barrier on the edges, and the hydrogen
coverage increases from 25% to 50%. The results theoretically identify MoS; as a
promising electrocatalyst for HER. By 2007, Jaramillo et al.®® had first performed ex-
periments to show that the sulfided Mo edges are active for HER. The exchange cur-
rent density was plotted against the MoS; area coverage (Figure 4B) and the MoS,
edge length (Figure 4C). The data points have a linear relationship only when
plotted versus edge length. Therefore, the activity on the edges of MoS, for HER
has been proved. However, the above demonstration is suitable only for semicon-
ducting 2H MoS;, which suggests that the basal plane of 2H MoS; is catalytically
inactive.

On the contrary, metallic MoS, possesses active sites for HER on both the basal
plane and the edges of the layered grains and, compared with 2H MoS,, has a pro-
liferation of catalytic active sites. According to the lower ground-state energy of 1T
MoS; (Figure 3A), the 1T phase preferentially transforms back to the more stable 2H
and 1T’ phase thermodynamically.®® During the HER, 1T" Mo$S; tends to be found
rather than 1T phase, and it is proved to be the most active polytype for HER.®®
The probable sites of hydrogen adsorption on the surface of single-layer MoS; are
marked by numbers in Figure 4D, and the corresponding Gibbs free energy
(AGy~) of the first and second hydrogen binding on the surface of 1H (single-layer
2H phase), 1T, and 1T" MoS, via DFT calculations are presented in Table 1. The
most available behavior of HER catalysis requires AG = 0 because if hydrogen binds
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Figure 4. Identifications of Electrocatalytic Active Sites in MoS, Polymorphs for HER

(A) Schematic representation of the (1010) Mo-edge. The hydrogen binds at every second sulfur atom. The x direction in the unit cell is marked by the
two lines. Reprinted with permission from Hinnemann et al.** Copyright 2005 American Chemical Society.

(B and C) Exchange current density versus MoS, area coverage (B) and edge length (C). The exchange current density does not correlate with the area
coverage of MoS;, whereas it has a linear relationship with the MoS; edge length. Inset in (B): atomically resolved scanning tunneling microscope (STM)
image of MoS, showing the predominance of the sulfided Mo-edge. Reprinted with permission from Jaramillo et al.> Copyright 2007 AAAS.

(D and E) Scheme of the supercells showing the sites of hydrogen adsorption on the surface of TH and 1T MoS; (left) and 1T MoS; (right) (D) and Gibbs
free energy of HER at the basal planes and edges of 1H, 1T, and 17" MoS; calculated by DFT (E). Reproduced from Fan et al.®® with permission of the
Royal Society of Chemistry.

(F-H) Schematic illustration of the oxidation process and partial restoration of the MoS, nanosheet edges (F) and polarization curves (G) and
corresponding Tafel plots (H) of 1T and 2H MoS; nanosheets before and after edge oxidation for HER. iR correction was performed and is shown by the
dashed lines. Tafel slopes of ~40 and 75-85 mV/decade indicate the HER kinetics for 1T and 2H MoS,, respectively. After oxidation, the values increase
to 45 and 186 mV/decade. Reprinted with permission from Voiry et al.”” Copyright 2013 American Chemical Society.

too weakly, the production of surface H* (adsorbed hydrogen) is hampered; if
hydrogen binds too strongly, it is quite difficult for H* to produce H,. Comparing
the values in Table 1, it is believed that the basal plane of 1T MoS, has the main
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Table 1. Evidence of Active Sites on the Basal Plane of MoS, Polymorphs for HER via Gibbs Free

Energy
AGH" (eV) AGM% (eV)
Site 1 Sites 1 Sites 1 Sites 1 Sites 1 Sites 1
and 2 and 3 and 5 and 6 and 8
1H MoS, 1.8 1.29 1.5 1.37 1.54 1.51
1T MoS, —2.67 0.63 0.63 0.28 0.60 0.69
1T MoS, 0.06 (0.737) 0.22 0.20 0.11 0.07 0.85"

Gibbs free energy of the first and second hydrogen bindings on the surface of 1H, 1T, and 1T" MoS; via
DFT calculations. The first H adsorbs on site 1, and the second H adsorbs on sites 2, 3, 5, 6, and 8. Repro-
duced from Fan et al.*® with permission of the Royal Society of Chemistry.

*The values of Gibbs free energy on the high S atom.

active sites for HER. The metal edges of 1T and 1T" MoS; exhibit near-zero AGy»
values compared with the higher values of TH MoS; according to the calculation re-
sults (Figure 4E), which indicates that the metal edges of 1T and 1T" MoS; are also
extraordinarily active. Moreover, Voiry et al.?’ achieved the synthesis of edge-
oxidized metallic MoS; (Figure 4F) and measured HER electrocatalytic activity (Fig-
ures 4G and 4H). It can be observed that there is negligible degradation of the HER
activity on edge-oxidized metallic MoS, compared with pristine 1T MoS,. This
experimental result clarifies that the active sites on metallic MoS; are located at
both the basal planes and the edges. Similarly, this new phenomenon is appropriate
for other metallic TMDCs and at this point, evidence of the active sites of entire
nanostructures in metallic TMDCs has been established.*®°0>"

According to the Sabatier principle, moderate binding energies of hydrogen
adsorption are optimal for HER.?*°> As shown in the volcano plot (Figure 5A),
AGy+ of MoS; electrocatalysts approach a thermoneutral state and the exchange
current densities are located below the Pt-group metals, which means that MoS,
has great potential to act as a highly efficient electrocatalyst for HER. Estimation
of the catalytic activity and stability for HER based on the hydrogen adsorption pro-
cess from DFT calculations can be expanded to all kinds of transition-metal disulfides
and diselenides.®’ Figures 5B and 5C elucidate the relationship between H-X (X = S
or Se) adsorption free energy (AGyx) and hydrogen binding free energy (AGy) for
semiconducting and metallic TMDCs. The increasing tendency of activity matches
the thermoneutral value of AGy, and a more stable catalyst needs stronger H-X
binding (AGux < 0), which is adverse to desorption of HX as HpX. In contrast to semi-
conducting TMDCs, metallic TMDCs possess lower values of AGy and AGpx inte-
grally and different trends for sulfides and selenides, indicating higher stability
and activity in metallic TMDCs. These results indicate the intrinsic high performance
of metallic TMDCs for HER theoretically. Among the superior electrocatalysts, some
have been explored for practical HER catalysis. We choose three typical examples
synthesized via different strategies to demonstrate the splendid electrocatalytic be-
haviors. First, Shi et al.>" reported that excellent performance for HER approaching
that of commercial Pt was established directly by CVD-grown metallic 2H TaS,; (Fig-
ure 5D). Various polarization abilities were achieved with 2H Ta$S, flakes of different
thickness, and the best performance, 65mV of overpotential affording a cathodic
current density of 10 mA cm™2, was produced by flakes 150 nm thick (Figure 5E).
Furthermore, fast electrode kinetics (~33 mV/decade) and low charge-transfer resis-
tance (~5 Q) were exhibited in Tafel plots (Figure 5F) and Nyquist plots of electro-
chemical impedance (Figure 5G), which were attributed to the metallic nature of
the catalyst. The experimental measurements verify the distinctive advantage of
metallic TMDCs, markedly enhanced conductivity, over their semiconducting
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Figure 5. Thermodynamics of Hydrogen Adsorption on 2D TMDCs and Corresponding Electrocatalytic Examples

(A) Volcano plot showing the relationship between exchange current density and the DFT-calculated Gibbs free energies of adsorbed atomic hydrogen.
Reprinted with permission from Voiry et al.?” Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.
(B and C) The inverse linear relationship between AGy« and AGy for semiconducting (B) and metallic (C) TMDCs. These plots generally indicate that
more reactive and stable TMDCs lead to stronger X binding and weaker H binding. Reprinted from Tsai et al.?’
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Figure 5. Continued

(D-G) Atomic-resolution TEM image of the as-grown 2H TaS, by CVD (scale bar, 1 nm) (D) and polarization curves (iR corrected) (E), corresponding Tafel
plots (F), and Nyquist plots (G) exhibiting electrochemical impedance of as-synthesized 2H Ta$, with different thicknesses, compared with Au substrate
and commercial Pt. Reprinted from Shi et al.”’

(H-K) HRTEM image of as-prepared 1T MoSe; nanosheets (H) and polarization curves (iR corrected) (1), corresponding Tafel plots (J), and Nyquist plots
(K) showing electrochemical impedance of as-synthesized 1T MoSe; produced under different conditions than commercial Pt. Reprinted with
permission from Yin et al.”® Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.

(L-P) Schematic representation of 2H-to-1T phase transition of as-synthesized WS, nanosheets via chemical exfoliation (L), SEM image of 1T WS,
nanosheets supported on graphite (inset shows 1T WS, nanosheets with a large quantity of exposed edges) (M), and polarization curves (iR corrected)

(N), corresponding Tafel plots (O), and Nyquist plots (P) displaying electrochemical impedance of as-synthesized 1T WS, nanosheets and as-grown

|38

2H WS, nanostructures, including other reported MX; catalysts for comparison. Reproduced from Lukowski et al.>® with permission of the Royal Society

of Chemistry.

counterparts. Second, disordered 1T MoSe; nanosheets (Figure 5H) were obtained
by the hydrothermal method by tuning the amount of NaBH, for HER catalysis.’® The
intrinsic activity and abundant unsaturated defects as active sites led to a low over-
potential (152 mV) at 10 mA cm2 (Figure 51), low Tafel slope of 52 mV/decade (Fig-
ure 5J), and insignificant electrochemical impedance of ~16 Q (Figure 5K). Lukowski
and co-workers reported that chemically exfoliated 1T WS, nanostructures trans-
formed from 2H phase (Figures 5L and 5M) exhibited lower energy consumption
at the same current density, fast electrode kinetics, and excellent electron transfer
ability for HER (Figures 5N, 50, and 5p).38 Similarly, other metallic-group VIB TMDCs
produced via liquid exfoliation and their improved HER electrocatalytic activity were
also compared systematically with other phases.””“” These results emphasize that
the phase of TMDCs plays a vitally important role in HER. It is promising to broaden
the family of TMDC nanomaterials with the aim of developing high-performance and
low-cost HER catalysts.

Innovative Design for Optimizing HER Activity

Even though the excellent performance by metallic TMDC nanomaterials for HER
electrocatalysis has been established, disparity with the activity of Pt-based mate-
rials still remains. Therefore, researchers need to perform further studies to improve
the HER catalytic activity of metallic TMDCs to a higher level. Here, we summarize
four main aspects for enhancing HER catalytic performance: (1) promoting the
intrinsic activity of catalytic active sites, (2) increasing the density of catalytic active
sites, (3) improving the electrical conductivity of the electrode, and (4) strengthening
mass transfer. For metallic TMDC nanomaterials, remarkable intrinsic activity has
been verified earlier, and thus activity enhancement via the other three aspects
can be achieved by innovative structural and compositional design.

Structural Design. Based on metallic TMDC nanomaterials, the ability to creatively
design architectures affords a promising opportunity to enhance the HER perfor-
mance of electrocatalysts. Wang and co-workers utilized the electrochemical inter-
calation of Li* ions (Figure 6A) to realize the formation of vertically standing
1T MoS, nanofilms (Figure 6B) grown on mirror polished glassy carbon (MPGC).%®
The 1T MoS; nanofilms by Li electrochemical intercalation to 1.1 V exhibit an onset
potential of only 113 mV (Figure 6C) and small Tafel slope of 44 mV/decade. Such
outstanding catalytic activity is due to the exposure of more active edges, the
conductive scaffold, and the metallic nature. This intriguing and effective architec-
ture design prefers to fulfill the phase transition of TMDCs and proliferate the density
of active sites to optimize the electrocatalytic activity. To improve the electrical con-
ductivity, phase-engineered low-resistance contacts of 1T MoS; on a monolayer 2H
MoS; basal plane contributes to higher efficiency of charge injection, which can be
measured on a single nanosheet exposed to the basal plane (Figure 6D).°” The po-
larization curves for various contact resistances show that HER performance
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Figure 6. Structural Design for Optimizing HER Activity

(A-C) Schematic illustration of electrochemical lithiation for vertically aligned MoS; nanofilms (A), TEM image of MoS, by Li electrochemical
intercalation to 1.1V versus Li*/Li (scale bar, 10 nm) (B), and polarization curves of pristine and lithiated MoS, on MPGC (C). Reprinted from Wang et al.*®
(D-F) Schematic representation of the configuration showing a single layer of MoS, deposited on SiO, and contacted by a gold pad electrode (D). The
counter and reference electrodes are glassy carbon and Ag/AgCl electrode, respectively. The entire substrate is covered with poly(methylmethacrylate)
(PMMA), with the exception of a window on top of the edges of the MoS; nanosheet. Only the catalyst contacts with the electrolyte (0.5 M H,SO,).
(E) Polarization curves measured on as-prepared MoS, with various contact resistances from 80 MQ mm down to 7 x 1072 Q mm. The activity increases
rapidly with decreasing contact resistance. (F) The relationship between the contact resistance and HER onset potential on edge-covered 1T MoS,,
edge-covered 2H MoS,, and edge-exposed 2H MoS,. Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature
Materials Voiry et al.,*” copyright 2016.

(G-J) Schematicillustration of the synthetic method for porous 1T MoS; nanosheets (P-1T-MoS,) from bulk counterparts (G), HRSTEM image of porous
1T MoS; nanosheets (in which the pores are marked by red dashed lines and arrows) (H), polarization curves after iR correction showing the catalytic
performance of as-prepared MoS, catalysts (I), and the linear fit plots showing the double-layer capacitance for as-prepared MoS; samples, which
represents the active surface area (J). Reprinted from Zhu et al.”!
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increases with a decrease in contact resistance, irrespective of whether the edges or
basal plane are exposed (Figure 6E). Figure 6F demonstrates that the basal plane of
2H MoS;, considered to be less catalytically active, possesses HER performance
comparable to that of the corresponding 1T phase by improving the electrical
coupling (or reducing the contact resistance) between the substrate and catalyst
in a phase-patterned technique. It is believed that this novel structural design of
large-area electrodes with low contact resistance may provide new insights into
MoS, nanosheets for HER. Furthermore, porous nanostructures can create more
catalytic active sites and improve the mass transfer and gas permeability effectively
during electrolysis, attracting plenty of interest for the structural design of electroca-
talysts.®"’% A comprehensive understanding reported by Yin et al.”" elucidated a
unique and unambiguous study on catalytic behavior of mesoporous 1T MoS; dur-
ing the HER process. This nanostructure is designed and manufactured by a liquid
ammonia-assisted lithiation route (Figure 6G), including lithiation, desulfurization,
and exfoliation. The obvious porous feature and typical 1T phase structure (Fig-
ure 6H) endow the catalyst with a high density of catalytic active sites, excellent
mass transfer, and remarkable intrinsic activity. As a result, porous 1T MoS; nano-
sheets afford a current density of 10 mA cm™ at only 153 mV of overpotential (Fig-
ure 6l). The highest value of double-layer capacitance (Figure 6J) further demon-
strates the largest active surface area of porous 1T MoS; nanosheets among
as-prepared samples. This study offers new opportunities to identify the critical fac-
tors that influence the catalytic activity of MoS,, which paves the way to design new
architectures of 2D layered materials for further promotion of electrocatalytic perfor-
mance. In summary, structural design is an effective strategy to further strengthen
the catalytic ability of metallic TMDC nanomaterials, and we emphasize it here to
encourage more innovatively designed architectures to emerge to facilitate this field
of research.

Compositional Design. Both theoretical calculations and experimental measure-
ments have demonstrated that the composition of the catalysts has a significant in-
fluence on the inherent HER activity.?””>”? In this section, we mainly focus on the
compositional design of metallic TMDC-based nanomaterials for HER performance
enhancement, which is separated into two parts: hybrid nanostructures and single-
crystalline catalysts. Previously, our group developed a porous hybrid nanostructure
composed of amorphous Ni-Co complexes and 1T MoS; (PHNCMs) via a solvother-
mal strategy with hydrazine-induced phase transformation (Figure 7A) for water
splitting.! The hybrid was successfully synthesized and high porosity formed simul-
taneously (Figure 7B). Compared with the single-component samples, PHNCMs
need only 70 mV of overpotential to afford a current density of 10 mA cm~2 (Fig-
ure 7C) for HER, which suggests that the diversification of active components plays
a pivotal role in boosting HER performance. This work provides novel insight into
optimizing HER activity on the basis of metallic TMDCs by introducing other
active amorphous components, increasing the porosity, and adding the
stabilizer mentioned above. Moreover, the N-doped 1T-2H MoSe,/graphene
(N-MoSe,/VG) shell/core nanoflake arrays were synthesized by Deng and co-workers
as a highly competitive earth-abundant HER catalyst.”* Through thermal ammonia
treatment of 2H MoSe,/VG nanoflake arrays (Figure 7D), 1T MoSe; and N doping
was introduced into the pristine array structures and the morphology of arrays
remained unchanged (Figures 7E and 7F). The advantages are as follows. First, hy-
bridization of N-doped 1T-2H MoSe, with vertical graphene contributes to a large
surface area, fast electron transfer, and modified mass transport. The high mechan-
ical strength and structural stability of the graphene scaffold can also maintain the
long-term polarization ability of the electrode. Therefore, superior HER performance
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Figure 7. Compositional Design of the Hybrid Nanomaterials

(A-C) Schematic illustration of the formation of hybrid nanostructures composed of 1T MoS, and amorphous Ni-Co complexes via hydrazine-induced
phase transformation (A); STEM image and energy-dispersive X-ray elemental mapping spectra of the as-prepared PHNCMs showing the porous
feature and uniform element distribution of N (blue), O (red), S (orange), Ni (yellow), Co (pink), and Mo (cyan) (scale bar, 50 nm) (B); and polarization
curves exhibiting electrocatalytic activities of the as-prepared PHNCMs and commercial Pt/C as a contrast for HER (the number before PHNCMs is the
number of milliliters of hydrazine added to the reaction system) (C). Reprinted from Li et al.®’

(D-G) Schematic illustration of the synthetic procedure (D) and SEM image (E) of N-MoSe,/VG shell/core arrays. Inset in (E): SEM image of the
corresponding sample for a large-scale view. (F) The XPS spectra of Mo 3d regions for N-MoSe,/VG and MoSe,/VG. (G) Polarization abilities for HER of
the as-synthesized hybrid samples. Reprinted with permission from Deng et al.”* Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.

1526 Chem 4, 1510-1537, July 12, 2018



Chem

can be obtained (45 mV of onset potential and 98 mV of overpotential at
10 mA cm ™2, as shown in Figure 8G). The combination of other active components
or remarkable scaffolds is an effective method of optimizing the composition and is
summarized here to provide inspiration for further studies. Although there is also
some progress emerging in this field, we cover the characteristic advances for in-
depth analyses and development possibilities.

For a more complete review of this rapidly growing field, single-crystalline catalysts
have been developed for atomically precise investigation on crystal structural
changes and the expansion of novel materials. 2D layered single-crystalline metallic
MoTe; was synthesized by Seok et al.”® for durable and effective HER electrocatal-
ysis. The defect-free single-crystalline nature and typical 1T’ phase structure with
multilayered monoclinic symmetry are verified by the XRD pattern (Figure 8A) and
HRSTEM image (Figure 8B), which are beneficial to study the changes in lattice struc-
ture from the perspective of atomic precision. Compared with the 2H counterpart,
1T MoTe; exhibits higher intrinsic catalytic activity (Figure 8C). Hydrogen adsorp-
tion on as-prepared 1T MoTe; resulted in spontaneous Peierls-type lattice distor-
tion (Figures 8D and 8E), activating the HER catalysis, which was supported by the
XPS spectra (Figure 8F) with slight energy shifts of the wider peaks. Given this
rigorous structural illustration for the HER process, this work provides profound in-
sights into the influence of atomic lattice geometry on hydrogen evolution. For
the development of novel and desirable catalysts with no contamination and high
crystalline quality, Yuan and co-workers report a facile CVD method to synthesize
metallic VS, singe-crystal nanosheets (Figures 8G and 8H) for a potential scale-up
fabrication and practical HER catalysis.”® The metallic characteristic (Figure 8l)
contributes to the remarkable HER activity (Figure 8J) and fast reaction kinetics (Fig-
ure 8K) approaching that of Pt. Notably, this distinctive catalyst shows self-opti-
mizing behavior during electrolysis (Figure 8K), which is a compelling feature for
HER electrocatalysis and opens a new door to the use of metallic-group VB cata-
lysts.?® Metallic single-crystalline NbS, nanoflakes were synthesized via a facile
CVD method to serve as an improved electrocatalyst for hydrogen generation.”’
Crystalline nature is considered as indispensable factor affecting Tafel slope, turn-
over frequency, and stability of the catalysts.”® Thus, engineering the crystalline
structure is indeed important for enhancing electrocatalytic activity.

Influences on HER Electrocatalysis

With the rapid development of this growing field, other influences have been inves-
tigated to further explore HER electrocatalysis over TMDCs and enhance the activity.
It is important to focus on these comprehensive studies, which greatly expand our
fundamental research and guide future directions not just for metallic TMDCs but
also for all 2D layered TMDCs. First, stacking is a common phenomenon in 2D
layered nanostructures and has a considerable effect on HER performance. An inter-
layer potential barrier has been proven in the process of electron transfer in the ver-
tical direction in MoS; layers (Figure 9A).”” This layer-dependent feature causes an
inverse correlation between the number of layers and HER activity. Monolayer MoS,
possesses the lowest overpotential (Figure 9B) and superior electrode kinetics (Fig-
ure 9C) except for Pt samples.?® This result has inspired the ultrathin design for
catalysts to increase the hopping efficiency of electrons in the vertical direction of
stacking layers leading to high catalytic activity. Second, transition-metal doping
has been widely utilized to systematically tune the structure and activity of TMDCs;
this determines the hydrogen binding behavior onto the active sites. Tsai et al.”?
have reported that, according to computational results, the hydrogen adsorption
free energies of 14 transition-metal dopants (Pt, Ni, Ru, Rh, Co, Fe, Mn, Ta, V, Nb,
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Figure 8. Single-Crystalline HER Catalysts
(A-F) XRD patterns of 2H and 1T" MoTe; single crystals (A); HRSTEM image of 1T MoTe; observed along the (103) lattice planes (B); polarization curves
of 2H MoTe; (blue), 1T MoTe; (red), and Pt (black) for HER (C); schematic lattice structure of 1T MoTe, with fully covered hydrogen atoms at a sites (D);
Peierls-type distorted lattice structure of 1T” MoTe; (E) spontaneously produced by the hydrogen adsorption in (D); and XPS comparisons of 1T MoTe;
in Mo 3d and Te 3d regions before and after HER (F). Reprinted from Seok et al.”®
(G-L) SEM image of a VS, nanosheet with dominant hexagonal shape for a single crystal (G), HRTEM image of a single-crystalline VS, nanosheet (inset
shows the corresponding electron diffraction pattern; the well-defined hexagonal pattern and only one set of spots confirm the single-crystalline nature)
(H), the relationship of resistivity with temperature (the resistivity of VS, increases as the temperature increases, which demonstrates the metallic

behavior) (), and polarization curves with iR correction (J), Tafel plots (K), and polarization curves (L) for single-crystalline VS, nanosheets after various
cycles. Reprinted with permission from Yuan et al.”® Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.
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(A) Schematic illustration of electron transfer in the vertically stacked MoS; layers. The potential distribution in the multilayer film and the potential
barrier in the interlayer gap during electron transfer are shown on the right. Reprinted with permission from Yu et al.”” Copyright 2014 American

Chemical Society.

(B and C) Polarization curves of bare graphenic carbon (GrC), bulk, 2L, and 1L MoS; flakes for HER (B) and summary of overpotentials at the current
density of 10 mA cm~? for 1L, 2L, and bulk MoS; flakes, Pt, and GrC (C). The inset shows the corresponding Tafel slopes: GrC 273 mV/decade, bulk
114 mV/decade, 2L 210 mV/decade, and 1L 149 mV/decade. Reprinted from Parzinger et al.®o

(D) Summary of AGy of transition-metal-doped MoS,. Reproduced from Tsai et al.”? with permission of
(E) Bar chart for a comparison of the overpotential of Nb-, Ta-doped, and undoped MoS, at 10 mA cm ™2 for HER. Error bars correspond to standard

deviations on the basis of triplicate measurements. Reprinted with permission from Chua et al.®” Copyri

the Royal Society of Chemistry.

ight 2016 American Chemical Society.

(F) HER polarization curves of MoS; untreated and after treatment with phenyllithium, naphthalenide, or anthracenide followed by exfoliation.
Reprinted with permission from Tan et al.®® Copyright 2016 American Chemical Society.
(G) Polarization curves of as-prepared bulk MoS, and counterparts after exfoliation with methyllithium, n-butyllithium, and tert-butyllithium for HER.
Reprinted with permission from Ambrosi et al.** Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

(H) Bar chart for comparison of the overpotentials at 10 mA cm™

permission of the Royal Society of Chemistry.

Cr, Os, Ir, and Re) approach the thermoneutral values of undoped S-edge in MoS,,
especially for Ru, Rh, Co, Fe, Mn, and Ta, which are even lower than that of the
already active undoped Mo-edge in MoS; (Figure 9D). This concept of tunable
hydrogen binding provides accessible design for TMDCs catalysts with numerous
choices for synthesis. Previous studies of V-doped MoS; nanosheets demonstrated
improved HER performance, offering a novel strategy to regulate intrinsic electrical

of MoS, with different amounts of MoS3 impurities. Reproduced from Latiff et al.® with
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properties for electrocatalysis via doping.®' However, dopants may have a negative
effect on HER catalysis in practical experimental measurements. The p-type Nb- and
Ta-doped MoS; and WS, were demonstrated to exhibit lower HER activity than the
undoped counterparts (Figure 9E).%” Therefore, it is necessary to choose dopants to
facilitate HER catalysis on the basis of integration of theoretical and experimental in-
vestigations. Third, various organic ligands enable intercalation of TMDCs to realize
2H to 1T phase transition. Tan and co-workers have discovered the implications of
aromatic-exfoliated TMDCs as catalysts for HER.®® Figure 9F shows that PhLi MoS,
performs best for HER polarization among as-prepared MoS, samples as a result
of the increased edge sites and enhanced exposure of metal ion species. For alkane
chain ligands, butyl is a better choice to promote exfoliation efficiency, resulting in a
decrease in lateral size and number of layers.?* The larger active surface area and
available edge planes guarantee superior catalytic activity (Figure 9G). Hence,
meticulous care is essential when selecting the intercalant for the expected utiliza-
tions. Furthermore, Mo- and W-based valence and oxide impurities inevitably
appear in the TMDC products, which results in a highly catalytic effect toward the
HER.%® Compared with the corresponding oxide impurities, increasing overpoten-
tials, and slowing down electrode kinetics, sulfide impurities have an interesting pos-
itive influence on HER activity. From the wide range of concentrations measured
(Figures 9H), 12.5% MoS; was identified as the optimal proportion in MoS,; addi-
tional impurities for decreasing the overpotential becomes less important beyond
that concentration. In practical fundamental research, impurities are usually re-
garded as synthetic by-products and preferentially removed in the final products.
This finding can serve as a creative platform to further optimize HER catalytic activity
of electrode materials. Recently, biaxial tensile strain® and low hydrogen
coverage® have been proposed to tune the hydrogen adsorption free energy on
the surface of metallic NbS, catalysts for enhancement of catalytic activity. The
above influences can act as a guideline for the future development of metallic
TMDC electrocatalysts, which provide plenty of innovative routes to facilitate the
process of HER catalysis.

Metallic TMDCs for Solar-Driven Hydrogen Production

In addition to electrochemical HER, solar-driven water splitting is also one of the
most promising alternatives to realize high-efficiency hydrogen generation, con-
verting solar energy to chemical fuel.”® It is essential to carry out the conversion
in a photovoltaics-electrolyzer system or an integrated photoelectrochemical
(PEC) configuration, which enables and facilitates light harvesting and direct so-
lar-to-fuel production.?®="° In this process, a light absorber and a co-catalyst are
indispensable. The former can produce electron-hole pairs upon illumination and
the latter contributes to charge transfer and achieves fuel production. It has
been reported that one single semiconductor, such as TiO,,”" CdS,”? and ZnS,”*
as photocatalyst can help to catalyze water splitting under visible light with suit-
able band gap. However, rapid recombination of photogenerated electrons and
holes in these semiconductors is a significant challenge in the development of
photocatalytic HER.?* Therefore, the introduction of a co-catalyst is an effective
way to address this problem. An excellent co-catalyst can also provide more cat-
alytic active sites to reduce the activation energy of the water-splitting reaction.”
Although Pt-based materials exhibit good activity, the earth-abundant catalysts
are still attracting great attention because of the high cost of catalysts containing
noble metals. Here, we discuss photovoltaics-electrolyzer and PEC systems
based on hybrids of metallic MoS;, and other semiconductors. Outstanding perfor-
mances are expected to create momentum in pursuing highly active and robust
photocatalysts.
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Figure 10. Photochemical Hydrogen Generation over Hybrids of 1T MoS; and a Light Absorber

(A and B) Schematic illustration (A) and fundamental principle (B) of photocatalytic water splitting reactions. Reprinted from Abe et al.®®

(C-F) TEM (C) and HRTEM (D) images of the as-prepared 1T Li,MoS; (1.0 wt %)/Cdg 5sZng sS nanostructures (inset in C shows the corresponding size
distribution of the particles), photocatalytic H, production rates of as-prepared (a) MoSy, (b) LixMoS, (c) Cdo sZno 5S, (d) 2H MoS; (1.0 wt %)/Cdo sZng sS,

and (e) 1T Li,MoS; (1.0 wt %)/Cdg.5Zng sS (E), and time cycle of photocatalytic H, production over 1T Li,MoS; (1.0 wt %)/Cdg sZng.sS (F). Reprinted with
permission from Du et al.”® Copyright 2016 American Chemical Society.

(G-K) Hz accumulation (G) and production rate (H) over as-exfoliated TiO,@MoS; at each hour, HRTEM image of MoS; in the as-exfoliated sample after
7 hr photocatalytic measurement (I), and HRTEM image (J) for a large view of the marked region in (K). The arrows points to the zigzag chains in the 1T’
structure. Reprinted with permission from Wang et al.”® Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.

Photochemical Water Splitting for Hydrogen Generation

The procedure for photochemical water splitting for generating H, and O on a het-
erogeneous catalystis shown in Figure 10A. First, photons are absorbed by the semi-
conductor with higher energies than the band gap, forming electron (e”)-hole (h*)
pairs. Second, electron and hole separate from each other. Third, the water-splitting
reaction takes place between carriers and reactants on the surface of the catalyst.®®
However, electron and hole may also tend to recombine with each other and thus a
co-catalyst needs to be introduced into the system. The fundamental requirements
should be met by the photocatalyst whereby the bottom of the conduction band
must be more negative than the reduction potential of H"/H,, and the top of the
valence band must be more positive than the oxidation potential of H,O/O; (Fig-
ure 10B). According to this standard, a few efficient and earth-abundant photocata-
lysts have been fabricated. Cdg 5Zng 5S nanoparticles loaded on metallic 1T Li,MoS,
has been studied for enhancing photocatalytic hydrogen production.”® 1T Li,MoS,
(1 wt %)/Cdg 5Zng 5S hybrid nanostructures (Figures 10C and 10D) show better pho-
tocatalytic performance in H, generation rate than other samples (Figure 10E). The
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remarkable durability and recycling performance of the hybrid is shown in Fig-
ure T0F. It turns out that 1T MoS; is an efficient co-catalyst as an alternative for
precious metals in H, generation, as a result of high conductivity, proliferative active
sites on both edges and the basal planes, and protective effects on electron-hole
recombination. Similarly, other fascinating hybrid photocatalysts, such as 1T
MoS,/CdS,%8 1T WS,/TiO,,*® and 1T MoS,/TiO,,”” that demonstrate the great po-
tential of metallic TMDCs as co-catalysts in photocatalysis to replace noble-metal
materials have been also developed.

To clarify the changes in 1T MoS, during photocatalysis, Wang et al.”® prepared a hybrid
of TiO,@1T MoS; via hydrothermal exfoliation to investigate HER photocatalytic activ-
ities as a function of phase evolution. As shown in Figure 10G, the amount of H; over
TiO,@MoS; after exfoliation increased linearly along with the reaction time in compari-
son with the straight line of TIO,@MoS; before exfoliation. The photocatalytic activity of
TiO,@MoS; after exfoliation increased gradually and optimization was completed after
7 hr (Figure 10H). During the HER process, the 1T phase gradually relaxed into a highly
distorted 1T’ structure. The distorted 1T' phase with the zigzag chains of superlattice
structures with Mo clusters can be observed in Figures 101 and 10J, which corresponds
to truly active phase and catalytic sites. The self-optimization of the photocatalyst pro-
vides a new path to enhance catalytic activity in the photochemical environment.

PEC Hydrogen Generation from Water Splitting

Figures 11A-11C present the configurations of the PEC system. In comparison with
photochemical HER, the reaction mechanism of PEC HER is a little different. For an
n-type semiconductor photoanode, first, electron-hole pairs are generated on the
anode with higher energies than the band gap under light irradiation, at which
time O is produced by reaction between water and holes. Second, photogenerated
electrons transfer to the cathode. Then H* is reduced to produce H, by photogen-
erated electrons. In this system, an external voltage is attached as a power supply to
overcome overpotential and other energy losses.?®”* In the case of a p-type semi-
conductor photocathode, H, evolves on this semiconductor surface, whereas water
is oxidized on the counter electrode. A tandem system contains a p-type semicon-
ductor electrode as cathode and an n-type semiconductor electrode as anode
without an external bias. To investigate the HER catalytic performance of metallic
TMDCs in the PEC system, they usually hybridize with a p-type semiconductor as
photocathode, measured in a typical three-electrode system for HER performance.
Ding et al.”” have shown that an integrated heterostructure (Figures 11D and 11E) of
chemically exfoliated 1T MoS; and planar p-type silicon (p-Si) is an efficient and
robust photocathode for PEC HER. After equilibrium, the 1T MoS,/Si heterostruc-
ture shows a negative signal, which is similar to downward band bending of p-Si
and is consistent with the band position and band alignment between p-Si and 1T
MoS, (Figures 11F and 11G). As shown in Figure 11H, the onset potential
is +0.25 V versus a reversible hydrogen electrode (RHE) and the current density at
0 V versus RHE reaches 17.6 mA cm~2 for an as-prepared 1T MoS,/Si hetero-
structure. The introduction of 1T MoS, as co-catalyst also leads to slow carrier
recombination dynamics and efficient charge carrier separation. Moreover, low
charge-transfer resistance and long-term stability make it a promising replacement
for noble-metal photocathodes for PEC HER catalysis.

CONCLUSIONS AND PERSPECTIVES

The utilization of metallic TMDCs for widespread energy conversion applications has
emerged to facilitate the study of high-efficiency and earth-abundant catalysts and
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Figure 11. PEC Configurations and Hydrogen Production Based on a 1T MoS;, Electrode

(A-C) PEC configurations using an n-type semiconductor photoanode (A), a p-type semiconductor photocathode (B), and tandem system (C). Reprinted
from Abe et al.®®

(D-H) SEM images of 1T MoS,/Si heterostructures for top-down and cross-sectional (inset) views (D); schematic illustration of 1T MoS, supported on
p-Si (E); schematic band energy diagram of p-Si, 1T MoS,, and H*/H; redox couple at 0V versus RHE in the dark before (F) and after (G) equilibrium; and
polarization curves of as-prepared and drop-casted samples and a bare Si electrode as a comparison measured in 0.5 M H,SO,4 under simulated 1 sun
irradiation (H). Reprinted with permission from Ding et al.”” Copyright 2014 American Chemical Society.

innovative nanotechnologies. For fundamental research, the characteristics of the
structural features and diversified synthetic strategies of this category of materials
have been intensively established to accurately control structures and tune the prop-
erties of target products and have shown considerable success. Many metallic
TMDCs and their composites play a vital role in electrochemical and solar-driven
HER catalysis. On the basis of the two core advantages, that is, proliferative catalytic
active sites and fast electrode kinetics and charge transport, metallic TMDCs exhibit
outstanding catalytic performance compared with that of their semiconducting
counterparts and a large number of other non-noble-metal catalysts, which will
encourage researchers to further optimize the catalysts for better performance
and acquire a comprehensive understanding of the mechanism underlying these
achievements. We also highlight the state-of-the-art innovations for improving the
efficiency of energy conversion. These recently reported breakthroughs are essen-
tial to fundamental research and practical applications.

In this review, we have summarized the recent progress in metallic TMDC nanoma-
terials and their composites in terms of distinctive characteristics, synthetic method-
ologies, and electrochemical and solar-driven HER catalytic applications. Several
advances have been realized in this promising domain. However, some challenges
still need to be addressed, which will help to provide more tangible guidelines for
the future of this field.
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Large-Scale Fabrication

The current synthetic strategies can be only applied to fundamental research in the
laboratory. More efforts should be devoted to large-scale preparation for industrial
and social deployment. With a comprehensive understanding, solvothermal
methods and vapor-phase strategies are appropriate for completing this goal. For
solvothermal methods, it is significant to achieve success in the transition of the re-
action conditions from fundamental research to practical large-scale synthesis.
Modified reaction parameters are usually available for large-scale fabrication. The
repeatability and surface treatment of massive products are also nonnegligible fac-
tors that must be realized in the industrialization of these earth-abundant materials.
For vapor-phase strategies, high manufacturing cost is the most important issue to
be addressed. The cost can be controlled with regard to precursors, instruments,
and substrates in future development. For both synthetic routes, the instability issue
of the final products alos needs to be resolved because metallic TMDCs have high
ground-state energies, especially group VIB TMDCs. Therefore, more strategies
should be created from the point of view of structure and scaffold to produce and
stabilize high-quality and uniform metallic TMDCs for practical use.

Mechanistic Study

From the perspective of integrated development of this field, it is not enough that
only new catalysts emerge. In-depth advanced mechanistic understanding of cata-
lytic reactions over metallic TMDCs at atomic or molecular level must be explored
simultaneously. Catalyst behavior during reactions and at the surface/interface
can be characterized and monitored in real time via in operando characterization
technologies, such as in situ HRTEM, EXAFS, and so on. There are numerous funda-
mental issues outstanding at present, such as the reaction behavior of authentic
active atoms, interface characteristics, and the precise capture of reaction interme-
dia. Through investigation of the overall reaction mechanism, accurate regulation
and control of HER catalysis, as well as optimization of the catalytic performance
of the electrode materials, are desirable.

Feasibility of Catalysts

There are many apparent differences between practical application and funda-
mental research. The as-prepared catalysts should be assessed for feasibility in prac-
tical industrial wholesale catalysis. For instance, excellent durability is one of the
most significant benchmarks for feasibility of catalysts. In contrast to pristine cata-
lytic activity maintained several hours in fundamental research, catalysts in practical
large-scale catalysis need to maintain high catalytic ability for a longer time by orders
of magnitude. Thus, remarkable design of catalysts and indispensable scaffolds may
be at the forefront of development. It is reasonable to believe that we will have a full
understanding of metallic TMDC nanomaterials from all perspectives to fulfill the de-
mands of practical HER catalysis in the future.
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