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ABSTRACT

Hydrogen production via water electrolysis defines the novel energy vector for achieving a sustainable soci-
ety. However, the true progress of the given technology is hindered by the sluggish and complex hydrogen
evolution reaction (HER) occurring at the cathodic side of the system where overpriced and scarce Pt-based
electrocatalysts are usually employed. Therefore, efficient platinum group metals (PGMs)-free electrocat-
alysts to carry out HER with accelerated kinetics are urgently demanded. In this scenario, molybdenum
disulfide (MoS,) owing to efficacious structural attributes and optimum hydrogen-binding free energy
(AGy~) is emerging as a reliable alternative to PGMs. However, the performance of MoS,-based electrocat-
alysts is still far away from the benchmark performance. The HER activity of MoS, can be improved by engi-
neering the structural parameters i.e., doping, defects inducement, modulating the electronic structure,
stabilizing the 1 T phase, creating nanocomposites, and altering the morphologies using appropriate fabri-
cation pathways. Here, we have comprehensively reviewed the majority of the scientific endeavors pub-
lished in recent years to uplift the HER activity of MoS,-based electrocatalysts using different methods.
Advancements in the major fabrication strategies including hydrothermal synthesis methods, chemical
vapor deposition, exfoliation techniques, plasma treatments, chemical methodologies, etc. to tune the
structural parameters and hence their ultimate influence on the electrocatalytic activity in acidic and/or
alkaline media have been thoroughly discussed. This study can provide encyclopedic insights about the fab-

rication routes that have been pursued to improve the HER performance of MoS,-based electrocatalysts.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY license (http://creati-
vecommons.org/licenses/by/4.0/).
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1. Introduction

Global warming and atmospheric pollution due to the release of
toxic gases are shaping a severe crisis for the present era where the
burning of fossil fuels is one of the main causes of these unprece-
dented challenges [1-4]. On the other hand, energy demands in the
last decade have drastically increased and it is expected that total
energy consumption will cross 30 Terawatt (TW) by the year 2050
which is almost threefold of what was required in 2010 [5,6].
Hence a prime reliance on annihilating fossil fuels is insufficient
to safely power the planet. Such a dilemmatic situation enthralls
the attention of the scientific community to urgently provide
viable and permanent solutions for the aforementioned problems.
Therefore, the concept of the Hydrogen Economy presenting hydro-
gen as a green energy vector was coined in the 1970s [7,8]. Using
hydrogen as a fuel not only ensures zero carbon emission but it
has a maximum energy content that is about three times that of
gasoline [9].

Mass-scale hydrogen production can rely on three typical path-
ways; (i) methane reforming, (ii) coal gasification and (iii) water
electrolysis [10]. The first two routes, deriving from fossil
resources, generate CO, as an inevitable by-product and therefore
these methods of generating hydrogen contradict the theme of
‘Hydrogen Economy’ and ‘Sustainable Energy’ where a core goal
is to minimize the planetary carbon footprint. Water electrolysis
by employing renewable energy sources provides an opportunity
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to produce sustainable, environmentally safe, highly pure and
compressed hydrogen without any contribution to carbon emis-
sion. Moreover, hydrogen storage also gives privilege to conven-
tional renewable energy mechanisms such as wind or solar
systems where intermittence and disruptions due to their sole
dependency on particular time horizons (i.e., specific periods of a
day or season or weather conditions) affect the operational stabil-
ity of the power grid [11-14]. However, coupling the water elec-
trolysis system with a renewable energy source can clear up this
challenge since energy can be stored in the form of hydrogen as
a green fuel that afterward can be utilized when and where
required [15].

Major classes of low-temperature water electrolyzers involve
alkaline water electrolyzers (AWEs), proton-exchange membrane
water electrolyzers (PEMWEs) and anion-exchange membrane
water electrolyzers (AEMWESs), offering various merits over each
other with some technological contrasts [16,17]. PEMWEs are the
most efficient system and have the high volumetric hydrogen pro-
duction rate among the existing water electrolysis technologies
[18] whereas AWEs are the most established water electrolysis
technology and are commercially available [16]. On the other hand,
AEMWEs are the least matured class of water electrolyzers with
lower technology readiness levels (TRL). However, they are extre-
mely promising as they combine the advantages of both PEMWEs
and AWEs [19].

Typically, the water electrolysis system consists of two half-
reactions where hydrogen evolution reaction (HER) takes place at
the cathodic side and oxygen evolution reaction (OER) is launched
at the anodic side [20]. However, despite the huge interest in
hydrogen production via water electrolysis, mass-scale commer-
cialization of PEMWEs has not yet been rationalized. One of the
major obstacles in the given pursuit is the utilization of platinum
group metals (PGMs) electrocatalysts to catalyze both reactions
that are heavily used in PEMWE systems but often used also in
other low-temperature water electrolyzers.

Regrettably, the skyrocketing prices and rarity of PGMs used for
HER (platinum) and OER (iridium) in the acidic environment are
the key bottlenecks that ultimately make hydrogen production
through PEMWESs economically impractical. In parallel, the slug-
gishness and complexity of HER taking place with larger overpo-
tential are also important issues to be overcome [21,22]. To
address such problems, the electrocatalytic activity needs to be
improved by developing a suitable electrocatalyst that can profi-
ciently boost the kinetics of HER by lowering the activation energy
and hence overpotentials [23]. Merits of any potential electrocata-
lyst include enhanced electrocatalytic activity, operational durabil-
ity, non-toxicity, ease to synthesize, abundance and cost-
effectiveness. However, scarce and overpriced PGMs, belonging to
the class of critical raw materials (CRMs), are utilized to perform
HER owing to their ability to reduce the overpotential and expedite
the reaction kinetics at appreciable rates [23-27]. Up to now, the
most efficient and state-of-the-art electrocatalyst for HER in acid
media is composed of platinum nanoparticles supported over a
conductive carbon backbone (Pt/C) [28]. To solve this limitation
plethora of scientific endeavors has been invested in the develop-
ment of reliable PGM-free electrocatalysts for the execution of
HER [24,25,29-32]. Such attempts include a variety of PGM-free
electrocatalysts fabricated with earth-abundant constituents such
as transition metals-based borides [33-35]|, nitrides [36,37],
chalcogenides [38-44]|, carbides [45-47], phosphides [48-50],
alloys [51,52], metal-free electrocatalysts [53] and even electrocat-
alysts derived from organic waste [6,54-56]. However, the avail-
able options for electrocatalysts are still lacking excellence. For
instance, PGMs with lower loadings mainly platinum, palladium,
iridium and ruthenium-based materials are not only expensive
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but also deprived of the stability demands for their industrializa-
tion [57] as they tend to agglomerate and leach out from the sup-
port materials in extremely acidic and alkaline conditions [57,58].
Similarly, nickel which is considered one of the most potential
transition metals to replace PGMs for HER owing to its suitable
electronic structure supporting the Ni-H bonds [59], also gets dis-
solved in acidic environments and finally leads to the deactivation
of the electrocatalyst [57]. Moreover, the HER performance of
nitrides and metallic electrocatalysts comparable to the PGM-
based has not been achieved yet [60]. Despite being the efficient
class of electrocatalysts, transition metal phosphides cry out for
safer and faster synthesizing methods because longer reaction
times at elevated temperatures and the generation of toxic gases
and organic compounds are the biggest hindrances in their mass-
scale productions [48]. Oxide and hydroxide no doubt demonstrate
higher stability but their inherited lower conductivity and unsatis-
factory electrocatalytic activity limit their employment for HER
[61]. On the other hand, although transition metal carbides have
good electronic conductivity their intrinsic activity remains
restricted due to the very strong attachment of the reaction inter-
mediates and difficult desorption of H,s, prohibiting the HER
kinetics severely [62,63]. Therefore, still there is significant room
for advanced research in the arena of PGM-free HER for a mature
evolution of efficient and robust electrocatalysts ensuring the com-
mercial practicality of water electrolysis.

Among various PGM-free candidates for HER, nanostructured
molybdenum disulfide (MoS,) is an emerging choice due to its
highly active edge sites with the free energy of hydrogen adsorp-
tion not far from that demonstrated by PGMs [10,64-66]. Pioneer-
ing work to evaluate the electrochemical feature of the bulk MoS,
was conducted by Tributsch and Bennett who initially found it
inactive towards HER [67]. In fact, bulk MoS, possesses a lower
surface area where individual layers are loosely bonded together
through Van der Waal interactions, leading to reduced exposure
of active sites and limited conductivity [65]. Later on, Hinnemann
and coworkers confirmed the excellent HER electrocatalytic activ-
ity of nanostructured MoS, since it shows biomimetic ability sim-
ilar to that of enzymatic nitrogenase [68]. Edges of MoS, are
electrochemically more active compared to basal planes and par-
ticularly Mo-edge has a hydrogen adsorption energy of nearly
0.08 eV with 50% hydrogen coverage which is similar to Pt
[65,68]. This astonishing aspect of nanostructured MoS, can revo-
lutionize the paradigm of PGM-free HER electrocatalysis if under-
lying issues associated with MoS, (i.e., poor conductivity, the
inertness of basal plane and fewer exposed active moieties) are
overcome. Therefore, crucial research hotspots for MoS,-assisted
HER could be the engineering of active sites/edges, inducing elec-
trocatalytic activity within the inert basal plane, structural modifi-
cation via defect engineering and strategies to enhance the
conductivity and controlling the phase transformation [64,69,70].
It is a well-established fact that the active site engineering and
enhancement of HER activity of MoS, can be carried out by design-
ing the appropriate fabrication route where efficient activity, oper-
ational durability, manufacturing cost and scalability should also
be among the essential consideration. Therefore, over the last
few decades, the structural parameters to improve the electrocat-
alytic performance have been engineered through several path-
ways such as hydrothermal route, chemical vapor deposition
(CVD), exfoliation, colloidal synthesis, plasma-assisted approaches
and so on. The choice and route followed in each fabrication strat-
egy can remarkably improve performance.

This review covers the most recent scientific attempts at devel-
oping efficient and robust MoS,-based nanostructured HER elec-
trocatalysts using a wide spectrum of fabrication pathways.
Firstly, the two-dimensional (2D) structural integrity of MoS, is
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presented followed by a brief discussion on HER mechanism and
MoS, stability over the pH range. The detailed discussion of the
most important considerations while engineering the active site
structure also provides essential grounds for a fundamental under-
standing. Then scientific developments for effective MoS,-based
electrocatalysts are thoroughly reviewed and comprehensively
presented with a prime focus on the fabrication strategies to engi-
neer the structural parameters and hence optimize the HER perfor-
mance. Finally, the challenges and prospects of MoS,-based
electrocatalysts for hydrogen production have been discussed in
detail.

2. Molybdenum disulfide

Transition metal dichalcogenides (TMDCs) are MX,-type semi-
conductors, where M stands for transition metal (such as Mo, W,
etc.) and X corresponds to a chalcogen (such as S, Se, or Te). They
often have a layered structure and can be considered Van der
Waals solids [71] since they maintain a strong covalent bonding
within the layers while having weak Van der Waals interactions
between the layers. Each layer of TMDCs further consists of three
sub-atomic layers in which the transition metal atom is sand-
wiched between two chalcogen atoms [72]. MoS, exists both as a
pristine bulk material as well as in two-dimensional (2D) form
where it represents the most chemically stable and robust 2D
material compared to the other TMDCs. The peculiar layered struc-
ture of MoS, provides relevant functional properties. The leading
property of MoS, is its capability to act as a solid and dry lubricant
[73]. Later MoS, attracted much interest for its applications in
heterogeneous catalysis [74]. More recently the use of MoS; has
been proposed in a variety of energy-related processes. Among
them, we mention the application in supercapacitors [75] or as
an electrocatalyst for the CO, reduction reaction [76]. In this
regard, MoS, can be considered a kind of “super-material”, with
highly tunable properties that can enable its application in many
fields. Later on, MoS, emerged as an effective HER electrocatalyst
particularly in acidic environments, providing the opportunity to
build electrodes for PEMWEs without relying on PGMs and CRMs.
Therefore, MoS, might provide an amazing opportunity to make
PEMWEs, the most efficient system to produce hydrogen at high
intensity, more resilient enabling the possibility to deploy it at
the TW scale by 2050.

2.1. Structural parameters

In nature, MoS, occurs as molybdenite, a bright natural mineral
composed of stacked slices with polygonal boundaries. The con-
strained arrangement of angles between the sides, limited to mul-
tiples of 60°, can be attributed to the underlying principles of
energy minimization in boundary energy density. This phe-
nomenon is analogous to the behavior observed in three-
dimensional materials, where specific shapes are determined by
the minimization of energies along distinct crystallographic planes
[77]. The bulk MoS, is layered solid and composed of several
monolayers. Each layer typically has a thickness of 6-7 A with
strong in-plane covalent bonding and weak out-of-plane Van der
Waals interactions [78].

MoS, can exist in three different phases i.e., hexagonal trigonal
prismatic (2H), rhombohedral (3R), and octahedral (1 T) coordina-
tion of metal atoms [79] as illustrated in Fig. 1(a). In all these three
structures, each layer of molybdenum is sandwiched between two
layers of sulfur. The extra 1 T phase is a strained version in which
metallic atoms interact with each other. The 2H phase is the most
thermodynamically stable configuration for MoS, while the others
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are metastable [80]. Bulk MoS, is a random mix of stacked layers
with different phases, giving the material an overall band gap of
0.88 eV. Monolayer phases i.e., 2H and 3R are typically semicon-
ductors with a theoretical band gap of ca. 1.71 eV. However, the
experimental value can be raised to 2.16 eV depending upon the
structural attributes [79,81]. This difference indicates dissimilar
mechanisms of electron transformation between valence and con-
duction bands for 2D and 3D materials [80]. Fig. 1(b) illustrates the
distribution of energy (energy with respect to wave-vector k) in
different variants of MoS, such as bulk, quadrilateral (4L), bilayer
(2L), and monolayer (1L). The energy level of the highest band
located at the K point is indicated by the horizontal line whereas,
the edges of valence and conduction bands are represented by blue
and red lines, respectively. The transition with the lowermost
energy (specified by the solid arrows) could be direct (vertical)
only in the event of a single layer. On the other hand, the energy
transitions in the monolayer (indicated by the dashed arrow in
the 1L plot) are higher compared to the direct band transitions
(indicated by the solid arrow).

During this transition from bulk to single-layer MoS,, the elec-
tronic structure behaves as follows: the orbitals contributing to the
conduction band states at the K point state are localized within the
S-Mo-S sandwich, but the states at the I" point and the conduction
band minimum (CBM) point have strong characters of the d orbi-
tals of molybdenum and the antibonding Pz orbitals of sulfur, lead-
ing to the strong dependence on vertical interlayer coupling.
Furthermore, in the case of the indirect gap transition, the K point
state remains constant, but the energy of the other states is
reduced. More in detail, as the number of layers, is reduced to a
single layer, the I" point state in the valence band has less energy
than the K point, and thus the K point state becomes the valence
band maximum (VBM) [82]. The downsizing of MoS; to 2D nano-
structured MoS, induces excellent potential for HER activity as
not only electronic redistribution takes place but also the delami-
nation into single-layered configuration brings Mo and/or sulfur
atoms at the terminal edges along with a lot of dangling bonds.
Atoms located at the kinks, defects, edges and corners have lower
coordination and they settle over the basal planes and produce the
active sites for HER with easy electronic interaction. The sulfur pas-
sivation of the molybdenum edge causes higher activity because of
unsaturated coordination and a sulfur-dense environment. More-
over, the unsatisfied dangling bonds and lower coordination in
the 2D MoS, make the connection of substrate and molybdenum
atom at the edges possible which in turn increases the active sites
and conductivity [64].

HER performance is highly controlled by the nature of phases
present in the MoS, because the electrocatalytic activity originates
from the metallic coordination [83]. The 1 T phase exhibits metallic
properties such as high electrical conductivity and electrocatalyti-
cally active basal plane whereas the other two phases i.e., 2H and
3R are semiconductor in nature with wide bandgap structure. 1 T
MoS, can be produced by disrupting a single sulfur layer in the
2H phase. Both the basal plane and sulfur-containing edges in
the 1 T phase constitute the active sites for HER whereas in crys-
talline 2H MoS; HER can only be carried out by uncoordinated sul-
fur atoms located at the edges [64,84]. It is important to underline
that charge carrier mobility along the edges is 2200 times higher
but the inferior conductivity between the stacked layers not only
inhabits the charge mobility between the active centers and elec-
trode but the electrochemically inert basal plane of bulk and 2H
MoS, restricts the HER activity. Moreover, electronic conductivity
is particularly controlled by the number of non-bonding d elec-
trons distributed between the antibonding and bonding states of
molybdenum-sulfur bonds and the corresponding coordination of
molybdenum. Therefore, the phase stability and transition from
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semiconducting 2H to 1 T solely depend on the d orbital filling sce-
nario. In 2H MoS,, all the non-bonding d orbitals are fully filled,
making it a semiconductor. On the other hand, the metallic nature
of the 1 T phase is due to the partially filled non-bonding d orbitals
that favor electron transportation and uplift the kinetics electro-
catalytic activity [84,85]. The electronic conductivity of the metal-
lic 1 T phase is 10 folds higher than the 2H phase of MoS, which
implies significant resistance and therefore insufficient charge
transportation [69,86]. Another, amazing property of 1 T MoS, is
its remarkable hydrophilicity which is again attributed to the
structural suitability where the staggered sulfur atoms on either
side of the triangular sheets can bring the molybdenum atoms
nearer to the surface which ensures the hydrophilicity [69,87].
When 1 T MoS, is dispersed in water it does not aggregate and
shows a contact angle of 25° whereas the 2H MoS, instantly tends
to aggregate while showing a 118° contact angle in solid form [88].
Therefore, compared to the few-layered 2H phase of MoS,, the 1 T
phase clearly show extraordinarily higher HER activity [69,89].
However, the instability of the 1 T phase and its natural tendency
to convert to 2H-MoS, over time is the major challenge in its
deployment for electrocatalysis. In the light of crystal field theory,
1 T-MoS, instability and vulnerability to transform into 2H-MoS, is
derived from the asymmetric holding of electrons in Mo 4d orbi-
tals. In the typical 1 T phase of MoS,, due to the octahedral coordi-
nation of Mo atoms in the ligand fields, the 4d orbitals get split into
t,¢ and e; manifolds [90] where the assignment of the two ¢, elec-
trons cause severe structural instability. Therefore, the stability of
the 1 T phase can be improved by lowering the asymmetric occu-
pation of electrons.

Lin et al. systematically studied the transition between the
phases of MoS, and elucidated that the phase transformation does
not involve any addition of new atoms and only atomic displace-
ment takes place collectively [91]. Using in situ microscopic anal-
ysis, it was observed that 2H/1T transformation occurs due to the
gliding of atomic planes of molybdenum and/or sulfur from an
intermediate phase known as o-phase (phase stable at higher tem-
perature and does not involve the trigonal arrangement of molyb-
denum atoms, but they are aligned in zigzag form), acting as a
precursor in which the migration of boundaries support the growth
of second phase. Moreover, Lin et al. also grew 1 T Phase on the 2H
layer through an electron beam. In a similar context, Zhu et al.
revealed that 2H — 1 T phase transformation can be locally
induced in single-layered MoS, through weak bombardment with
Argon plasma however, the formed 1 T domains can be of few
nanometers in size. The 1 T phase is stabilized due to point defects
particularly, sulfur vacancies [92]. Another exciting attempt was
made by He and co-workers to stabilize the 1 T MoS, nanoflowers.
The strategy was based on a simplistic electron injection by chem-
ically bonding TiO;, to 1 T MoS; to develop a composite on a larger
scale. The election-injection engineering evoked the reconstitution
of 4d orbitals of molybdenum that ensured 100% conversion of 2H
MoS, into 1 T MoS, [93].

2.2. Application as an HER electrocatalyst

Over the past few years, MoS,-based electrocatalysts with
diverse nanostructures and morphologies, such as nanoparticles,
nanosheets (NSs), and nanorods (NRs), etc. have been recognized
as promising alternatives of PGMs for the HER electrocatalysis
due to their higher abundance, cost-effectiveness and robust elec-
trocatalytic activity [96-101]. Heteroatoms of sulfur can induce
the d-band electron redistribution of adjacent metal atoms, which
can accelerate the adsorption and desorption of intermediate
hydrogen (H). Interesting structural attributes such as preferred
electronic distribution, low bandgap energy and adjustable phase

260

Journal of Energy Chemistry 87 (2023) 256-285

Distorted octahedral

Trigonal

Octahedral
° 1 i aYa? oo

o pAo DI, DI, poo
(4 o X4 P A< pH< o
3 ltln»lu

R R S

N 1 j*““"'t"’c:"e":
XXX ‘XXXX, SRR
Quadrilayer  Bilayer = Monolayer

Bulk MoS;  Mos, MoS, MoS,

(b)

\/\ ,\/ \’\/\/
W

ANV

Energy

rr MK

M K

r MK | B B rr MK T
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interfaces, make the TMDCs and particularly MoS, effective candi-
dates for the reaction of hydrogen evolution.

Owing to hydrogen-binding free energies (AGy-) similar to that
of Pt and a preferred 2D structure, MoS, has been a research hot-
spot for the electrocatalytic HER. The 2D layered structure can ben-
efit charge transport from the electrode surface to active sites and
the enhanced edge sites provide a low adsorption AGy- for the HER.
However, the poor conductivity of MoS, is a major bottleneck and
causes high over-potential for HER [102]. In parallel, it was shown
that bulk MoS; is a poor HER electrocatalyst [103]. Importantly,
both experimental and computational studies confirm that the
HER activity of MoS, correlates with the number of catalytically
active edge sites that are abundantly present in the 2D monolayer
configuration [104-107].

3. Fundamentals of HER

Water can be split by passing an electric current through it, pro-
ducing hydrogen and oxygen at the cathodic and anodic sides of
the system, respectively. This process constitutes the basis for
water electrolysis the overall reaction of which is carried out as
shown below

2H,0 — 2H,; + O,

Similar to various other electrochemical redox reactions, HER is
also a surface phenomenon taking place at the electrode/elec-
trolyte interface [8]. HER follows a complex pathway that typically
involves three elementary steps whose mechanism is modified as
the pH of the electrolytic media is altered. For acidic media, the
first stage is the Volmer step leading to the adsorption of the pro-
ton (H*) on the active moieties (M) of the participating electrocat-
alyst (Eq. (1)). Subsequently, the reaction must either continue
electrochemically or chemically in a competitive way to carry
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out desorption of the product. Electrochemical desorption begins
when the already adsorbed proton (H,4s) combines with another
H" and electron (e~) to generate molecular H, and this event is
known as the Heyrovsky step (Eq. (2)). On the other hand, molec-
ular H; can also be evolved via Tafel step (chemical desorption) in
which two of the H.qs combine and leave the electrocatalyst sur-
face (Eq. (3)) [108].
Volmer step in acidic media:

M+ H" + e= — M*Haygs (1)

Heyrovsky step in acidic media:

M'Hys + H + e — M+ H; (2)

Tafel step in acidic media:

l'[ads + Hads - HZ (3)

Notwithstanding HER proceeds similarly under alkaline condi-
tions, the interacting species, in this case, are water molecules
instead of protons engendering an additional obligation to first
produce protons via water dissociation. The additional water disso-
ciation (Eq. (4)) introduces an extra energy barrier and causes an
increase in the overpotential [109,110].

H20+ e — Hads +OH™ (4)

Therefore, the protons deficiency in the alkaline electrolyte
makes the HER relatively difficult to pursue and causes the
exchange current density to be 2-3 times lower compared to that
obtained under acidic conditions. The availability of protons in the
acidic environment establishes favorable circumstances for HER.
On the other hand, the inherent inadequacy of protons or hydro-
nium ions (H30") in alkaline conditions not only makes the HER
kinetics sluggish but also the plentiful of OH™ ions may cause poi-
soning of the active moieties and impede the overall reaction
kinetics. Hence, electrocatalyst design becomes an important task
to realistically improve the HER performance. The modified Volmer
step in the alkaline case is again the initial reaction as given in Eq.
(5) and HER is likewise followed via Heyrovsky (Eq. (6)) or Tafel
step (Eq. (7)).

Volmer step in alkaline media:

M+ H,O+ e~ — M™Hugs + OH™ (5)

Heyrovsky step in alkaline media:

M'Hygs + H 0+ = — M+ Hp + OH™ (6)

Tafel step in alkaline media:

Hads + Hads - HZ (7)

HER executes either through Volmer-Heyrovsky or Volmer-
Tafel route where the rate-determining step (RDS) can be any of
the individual three steps [111,112]. The primary water dissocia-
tion step in addition to the Volmer reaction and the interaction
of OH™ species on the surface of MoS, are the two main challenges
in alkaline media. No doubt, MoS, could be an efficient electrocat-
alyst for the adsorption and then recombination of adsorbed pro-
tonic intermediates but its insufficient tendency to dissociate
water in the alkaline media and improper adsorption of OH™ spe-
cies are the main causes of MoS, sluggish HER activity in alkaline
media [110,113]. Therefore, improving the retarded and lower
activity of MoS; in alkaline media is an essential target that could
be achieved by engineering active sites to make them more effi-
cient, robust and performing electrocatalysts [113,114].

In routine practice, the Tafel equation (Eq. (8)) is used to evalu-
ate the underlying HER mechanism and to determine the corre-
sponding RDS [111].

n=>blog(j) +a (8)
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The abovementioned Tafel equation is a simplistic relationship
among overpotential (), current density (j), Tafel slope (b) and
constant (a), where Tafel slope probes governing HER mechanism
and involved RDS. The Tafel slope can be estimated by plotting
the logarithmic current density with respect to overpotentials
and the slope of the linear part will be the Tafel slope giving a par-
ticular value for each RDS. This value indicates the enduring mech-
anism of the electrocatalytic reaction regarding the kinetics of
electron transfer [22]. For instance, current density increasing con-
siderably with respect to the change in overpotential gives a smal-
ler value of the Tafel slope, indicating accelerated kinetics of the
given electrocatalytic reaction. When the Volmer step determines
the rate, the Tafel slope will be nearly 120 mV dec™! whereas the
slope value would be nearly 40 or 30 mV dec~! if the RDS is Hey-
rovsky or Tafel step, respectively [115]. There would be more Tafel
reaction with a higher H,4 concentration on the electrocatalyst sur-
face while, in the situation where the concentration of H,4q on the
electrocatalyst surface is much lower, the Heyrovsky reaction is
more probable to occur. For HER electrocatalysis, firstly, the Tafel
reaction and then the Heyrovsky reaction as the rate controller is
preferred. From the Tafel equation, another important parameter
obtained is the exchange current density (Jo) when overpotential
(n) is assumed as zero [10]. The J, defines the catalytic efficiency
and is dependent on the electrode material, the nature of the elec-
trode surface, electrolytic composition and operating temperature.
Favorable HER kinetics, fast electronic transformations and higher
surface area give rise to a large value of J,.

As discussed previously, it is clear that hydrogen adsorption
(Hags) is successively followed by desorption from the same site
of the electrode surface but both phenomena competitively take
place where the binding energy of the H,4s is the governing factor.
Such binding energy should not result in too strong bonding limit-
ing the Heyrovsky and Tafel reactions or too weak limiting the Vol-
mer reaction [116]. In fact, an ideal HER electrocatalyst should
demonstrate optimum adsorption and desorption of hydrogen
with intermediate bonding energies and satisfy Sabatier’s principle
of heterogeneous electrocatalysis [39,117,118]. A volcano plot
(Fig. 2) is a convenient way to compare HER aptitude for different
electrocatalysts as a function of their HER activity and AGy- [119-
121] in which peak Jo can be achieved as AGy- approaches ther-
moneutrality (AGy- ~ 0) [39,122]. In the volcano map, PGMs find
their position nearly at the apex of the volcano representing a
benchmark of HER, however, their scarcity and higher prices limit
their application [123]. Attractive materials for replacing PGMs as
electrocatalysts are therefore TMDCs [124]. Among them, metal
sulfides, especially MoS,, present closer values to the optimal
AGy- (nearly 0.08 eV). However, the exchange current density is
much lower (jo ~107> A cm~2) than the noble metal. In fact, noble
metals have an exchange current density in the range of
1074 <jo, < 1072 A cm 2 [125-127]. MoS, was shown to be one of
the most promising electrocatalysts for HER in acidic media owing
to its good stability in strong acids. The bulk form of MoS, is a weak
HER electrocatalyst compared to nanoparticle MoS,. This result
comes from the fact that active edge sites of nanoparticles are
much more than their bulk form. Unsaturated sulfide atoms,
located on the edge of the structure, work as an active site for
HER to adsorb hydrogen with small free energy [128].

Moreover, one of the most important performance descriptors
is the overpotential determining the energy required to carry out
the electrocatalytic HER [129]. Quite easy to understand that if
the overpotential is much higher, HER will be extremely difficult
to proceed, and the subsequent reactions will no longer be proba-
ble to occur. Overpotential can be estimated by obtaining linear
sweep voltammograms (LSVs) at slower scan rates and its value
is often taken at the current density of 10 mA cm~2 which corre-
sponds to solar water-splitting efficiency of 12.3% [10,23,64]. In
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addition to overpotential, Tafel slope and exchange current density
the other parameters to analyze and compare the HER perfor-
mance of the electrocatalysts usually reported in the literature
are onset potential, turnover frequency (TOF), specific and mass
activities, Faradaic efficiency and operational durability
[10,83,130,131]. The onset potential is pretty unclear and a so-
called indicator to asses HER activity and is often measured at
the current density of 0.5-2 mA cm 2 [10]. To avoid the inconsis-
tency among reported values of onset potential the referenced cur-
rent density must be mentioned. Specific activity can be calculated
by normalizing the current at a particular overpotential with
respect to the surface area which could be an electrochemical sur-
face area (ESCA), or geometric surface area of the electrode, or the
surface area calculated via Brunauer-Emmett-Teller (BET) [130].
Activity can also be reported by normalizing the current with
respect to the electrocatalyst loading on the electrode. However,
it is then referred to as mass activity. There could be some limita-
tions to using these metrics [130,132] for instance: the calculation
of ECSA is technique specific and its value may differ considerably
when calculated through different techniques such as cyclic
voltammetry (CV) and impedance spectroscopy, leading to possible
miscalculations. On the other hand, BET surface area cannot be
referred to as the active surface taking part in electrocatalysis.
Moreover, the mass activity demonstrates the least accuracy
because electrocatalysts with dissimilar morphological character-
istics and particle sizes cannot be compared, hence a fair compar-
ison becomes impossible [130].

TOF can be another performance descriptor for HER defined as
the average moles of hydrogen produced at a particular active site
per unit of time. TOF can be estimated using the following equation
(Eq. (9)) [47].

IXNA
FxnxTI )

Here ‘I' represents the current density, Ny corresponds to the
Avogadro constant, ‘F is Faraday’s constant and ‘I”” is the number
of active sites whereas ‘n’ is the number of electrons transferred
during HER. However, it is very difficult to measure the TOF accu-
rately as this value may often involve some significant errors
[10,130]. The major limitation is the precise calculation of the
active sites present on the electrocatalyst surface which may lead
to significant errors if the electrocatalyst is composed of more than
one element because of the presence of various heterogeneous
sorts of active sites. On the one hand, TOF estimation is solely
based on the active species located on the surface or at the acces-
sible locations of the electrocatalyst while on the other hand some-
times TOF is calculated by considering all the active sites present in
the material irrespective of their unequal accessibility and unclear
activity. In spite of being potentially imprecise, TOF can be still
used to compare the performance of electrocatalysts of a similar
nature. Faradaic efficiency (also coulombic efficiency) is another
descriptor for the assessment of charge transfer during an electro-
chemical reaction [23,47]. Faradaic efficiency is more meaning full
for the evaluation of complete water splitting. However, for HER it
can be calculated by taking the ratio between the experimentally
calculated hydrogen evolution (via gas chromatography, etc.) and
the estimated theoretically (charge transfer calculations using
potentiostatic integrations). Its value exhibits the efficiency of
the electrocatalytic system and specifies the selectivity of the elec-
trocatalyst. Efficiency loss may occur due to the unwanted produc-
tion of side reactants and heat generation.

Lastly, working durability over a period of time is one of the
essential criteria for the assessment of HER electrocatalysts, usu-
ally performed either through continuous CV measurements or
chronopotentiometric  and  chronoamperometric  analysis
[23,47,130]. For stability measurements via CV cycling the initial

TOF =
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LSV and final LSV are compared (usually more than 500 cycles
are applied) where an increase in overpotential specifies the per-
formance durability. If the difference is less than 10%, it can be
regarded as acceptable endurance. Whereas for chronopotentio-
metric (i-t plots) or chronoamperometric (z-t plots), analysis vari-
ations in current or potential are monitored at the fixed potential
or fixed current, respectively (usually related to 10 mA cm™2). Gen-
erally, the tests are carried out for 10 h. Among various afore-
discussed HER performance descriptors, overpotential, Tafel slope
and working durability are the most important, and therefore,
are mostly reported [132].

4. Engineering of MoS, active sites

MoS; is a graphene-like 2D material whose basal surface is elec-
trocatalytically ineffective. To enhance the intrinsic activity of
MoS,-based electrocatalyst many aspects during the site engineer-
ing have to be considered such as (i) improving the electronic con-
ductivity, (ii) ionic intercalation and doping of heteroatoms, (iii)
defect engineering and introducing atomic vacancies, (iv) morpho-
logical modifications, (v) stabilizing the 1 T phase of MoS,, and (vi)
compositing with highly conductive and active substrates [69,83].
However, the electrocatalytic activity mostly comes from active
sites located along the edges of MoS, layers or more specifically
from the defects present in the material. Both substitutional atoms
(dopants) [133-136] and atomic vacancies [137-139] generate
localized electronic states in the MoS, lattice that act as sites for
electrocatalysis by decreasing the adsorption energy of the reagent
and making the electrocatalytic activity easy.

The most diffused vacancies are single-atom vacancies formed
due to the removal of a single atom of Mo or S from the MoS, lat-
tice; however, more complex multi-atomic vacancies, are often
present in many materials [140]. While single-atom vacancies
are usually controllable in statistical distribution multi-atomic
vacancies are challenging to control, and often their detrimental
effects are higher than the beneficial ones. The electrocatalytic
properties of defects were confirmed by both experimental and
computational research [128,141]. The importance of the unsatu-
rated sulfur atoms on the edges comes from the fact that they acti-
vate the hydrogen evolution. By knowing this fact, materials with
structure-sensitive properties at the nanoscale can be constructed
to improve the HER activity. Thus, decreasing the size of the parti-
cles and lowering the dimensionality due to the quantum confine-
ment effect, can enhance the electrocatalytic activity by increasing
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Fig. 2. The activity of the electrocatalysts towards HER has a volcano plot
relationship with the free energy change of adsorbed atomic hydrogen [121].
Reproduced with permission from Ref.[121]. Copyright 2014, Royal Society of
Chemistry (RSC).
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the edge site density [142,143]. Therefore, HER predominantly
relies on the structural defects that provide electrocatalytically
active sites by tuning the morphological infrastructures and hence
electronic interactions. Surface defects, such as zero-dimensional
point defects, one-dimensional line defects, and two-dimensional
plane defects, are more significant for electrocatalysis because they
are located at the surface/interface of the electrocatalysts. [144-
146].

Moreover, such defects and atomic vacancies also act as pre-
ferred anchoring sites for the dopant atoms and benefit the HER
kinetics due to preferable structural modulation. A suitable exam-
ple comes from a very recent work of Jiang and co-workers in
which they developed an amazing fabrication scheme to confine
the nickel and iron atoms within the Van der Waals gap of MoS,
while utilizing isolated sulfur vacancies as favorable anchoring
sites for the dual atoms [147]. In this way, a robust electrocatalyst
was evolved in which due to interlayer-confinement the dual
atomic substitutions remained protected to survive under the
extremely acidic environment and demonstrated higher TOF for
overall water splitting with nearly 100% faradaic efficiency at the
current density of 100 mA cm2. Furthermore, just the presence
of the active sites does not solve the problem of inferior perfor-
mance instead the present active site should also be exposed and
available to participate in the electrochemical reaction. In such
regard, Liang et al. reported the coupling of MoS,(0) with meso-
porous carbonic arrays (OMCA) which ensured a significant
increase in the exposure of active sites and facilitated the elec-
tronic transitions between MoS, edges and the substrate material
[148]. In this way, they modulated the d orbital of molybdenum
by modifying the electrons withdrawing/donating ability and
hence energetically favor the binding of hydrogen on MoS,(0O).
Such an engineered architecture demonstrated intrinsically high
per-site activity with TOF of 0.067 s~! at the overpotential of
—10 mA cm~2 along with operational stability of above 20 h.

No doubt the launching of atomic vacancies boosts intrinsic
activity but in some cases, the vacant sites can affect the structural
robustness of TMDCs [149,150] and hence the vacancy engineering
approach can be less effective [151]. Luckily, the doping of sec-
ondary elements can give rise to covalent bonding between the
substituting element and the host atoms of TMDCs that not only
considerably increase the intrinsic activity of TMDCs due to the
synergic effect of doped species but also provide structural stabil-
ity. However, doping of MoS, with transition metals gives more
pronounced effects compared to doping of chalcogenides and other
heteroatoms which usually modulate the optical bandgap [69]. The
metallic substitutions are relatively robust and an abundance of d
orbitals promotes favorable modifications in phase transforma-
tions, conductivity and magnetic characteristics of TMDCs which
in turn improve the intrinsic electrocatalytic performance by opti-
mizing the AGy-. Actually, the intrinsic activity of MoS, particu-
larly of the 1 T phase can be improved by installing vertical
orbitals at the Fermi levels of substrate that enhance the rate of
adsorption and desorption of hydrogen intermediates which are
otherwise not available in the basal planes. These new orbitals
enhance electron transportation to the given active sites and
improve the adsorption of hydrogen whereas the drop in transition
state energy also promotes the desorption of the intermediates.
The molybdenum atoms have d orbitals normal to the basal plane
but located at the central sub-layers which inhibit hydrogen
adsorption. On the other side, sulfur atoms have py/p, orbital at
the Fermi level which also makes an adverse scenario for the des-
orption of the hydrogen because of the unfavorable orientation of
the orbitals [69]. However, the empty d orbitals of transition metal
dopant can stimulate the HER activity by acting as electrophilic
groups or providing electron lone pairs that can help in optimizing
the 3d electronic configuration via chemical bonding. The defini-
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tive importance of the 1 T phase of MoS; for electrocatalysis, owing
to its metallic nature, enhanced conductivity and activity, is well-
known however, its metastable nature is the key bottleneck that
imparts serious structural instability [69]. However, the instability
of the 1 T phase can be reduced by engineering the MoS, structure
via doping, lithiation, covalent functionalization, ammonia interca-
lation and so on [69,152-156]. If the parameters of the adopted
route are accurately developed, enhanced HER activity can be
ensured. For instance, recently Zhang proposed an effective strat-
egy to stabilize the 1 T phase in the MoS; nanosheets by anchoring
them on a black TiO,., substrate during in-situ growth on a tita-
nium plate [90]. They anticipated that TiO,_, acts as an electron
donor and increases the charge density in the T phase which in
turn reduces the asymmetrical possession of electrons in the
molybdenum 4d orbitals and efficaciously stabilizes the meta-
stable 1 T-MoS,. Moreover, this structural engineering secured
the large surface area with highly exposed active sites and ham-
pered the 1 T-MoS, agglomeration during the activity. Owing sta-
bilization of 1 T-MoS; on black TiO,_,, the derived electrocatalyst
demonstrated excellent HER activity with a very low Tafel slope
of 42 mV dec™! (overpotential of 146 mV) and confirmed outstand-
ing electrocatalytic durability over 24 h.

5. Stability of Mo and MoS, in acid and alkaline

The stability under a wide potential window is a matter of
utmost importance for building practical water electrolyzers.
Indeed, HER can operate in a wide range of potentials that depend
on the required current output which might be driven by the
renewable energy supply. Remarkably, a water electrolyzer can
work with peak current densities up to 5 A cm 2 to buffer produc-
tion peaks by intermittent energy source, while constant operation
may be in the 1-2 A cm~2 range. Recently, it has been demon-
strated that in a pressurized PEMWE at a current density of 1.2 A
cm ™2, the pure activation contribution of the cathode may exceed
150 mV with Pt and might easily exceed 200 mV with PGM-free
electrocatalysts [157]. These values might be significantly higher
while operating at higher current densities. Accordingly, the range
of potential at which the cathode must operate is large. Addition-
ally, at shutdown, the system can go to the open circuit potential,
meaning that in practice the cathode electrocatalyst must be stable
in a potential window of at least a few hundred mV.

The stability of MoS, for HER has been analyzed deeply in
recent work by Wang et al. [158]. While MoS, has been reported
to be stable under HER conditions, experimental data show that
degradation by dissolution happens at the open circuit potential.
MoS, degradation has been indeed observed in refs. [101,159].
The calculated Pourbaix diagram Fig. 3 for MoS, indicates that
MoS, has excellent stability in the —0.4-0 V vs. RHE (reversible
hydrogen electrode) potential window. At a more negative poten-
tial, the decomposition to H,S in solution and solid molybdenum
can happen; however, these transformations are kinetically slug-
gish, at least in acidic conditions. Such slow kinetics can practically
hamper the decomposition of the materials at such negative poten-
tials. However, severe degradation may happen at positive poten-
tials. In Wang et al.’s work, it was shown that at above 0.35 V vs.
RHE, MoS, decomposes to HSO; and to MoO, (S) or MoOs (s)
[158]. Remarkably, these potentials can happen, e.g., when placing
MoS, in contact with an electrolyte at the OCP; Chen et al. and
Ledendecker et al. reported sulfide dissolution at OCP up to 0.5 V
in 0.1 M HClO,4 [101,159].

The Pourbaix diagram provided in Fig. 3 also shows that the
region of stability of MoS, shrinks with the increase of the pH (to-
wards alkaline values). Indeed, the interval between the hydrogen
evolution line and the occurrence of dissolution increases. Region
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14 in Fig. 3 shows the prevalence of molybdates in solution at a
potential only slightly higher than the HER line (ca. 150 mV at
pH 14). Even the cathodic stability region decreases with region
12 (Fig. 3), which corresponds to the decomposition to solid
molybdenum and S; which is roughly 200 mV lower than the
HER lines. This finding supports the evidence that MoS, is not a
stable electrocatalyst for the HER in an alkaline environment. How-
ever, care should be taken when drawing stability conclusions
from the Pourbaix diagram. Deviations from Pourbaix predictions
may happen for the absolute mass of the reactants in the environ-
ment, the volume and the flow rate of the electrolytes and/or for
kinetics factors (e.g., the sluggish degradation of MoS, in acidic
conditions for potentials lower than ca. —0.4 V RHE). We highlight
that the Pourbaix diagrams can be experimental or calculated.
Experimental data can be attainable but is not always available
and may not be easy to obtain. Simultaneously, calculated dia-
grams derived from the density functional theory (DFT) may be
accurate but the quality strongly depends on the selected function.
At present, the SCAN functional seems to be the most accurate.
Using SCAN potential overcomes the limitation of the stability that
can be derived from the MP PBE potential [ 160]. Pourbaix diagrams
analysis might be followed by experimental validation in actual
conditions. An assessment of the reported Pourbaix has been done
in acidic conditions by coupling potentiostatic tests of MoS, elec-
trodes with chemical analysis of the electrolyte. This analysis
showed that with MoS, the MP PBE functional cannot predict
the actual stability of the material, while the Pourbaix determined
with the use of the SCAN potential shows a larger adherence to the
experimental evidence for dissolution [158]. The SCAN approach is
the one that has been used to get Fig. 3 data.

6. Fabrication of MoS,-based HER electrocatalysts

6.1. Hydrothermal growth

One of the routes vastly used for the synthesis of MoS, is the
hydrothermal technique which is an important methodology of
inorganic chemistry and includes the crystallization and growth
from aqueous solutions at high temperatures and high vapor pres-
sures. In this method, the reactants are sealed in an autoclave reac-
tor and then the reaction is subjected to a chemical transmission to
a high pressure at the temperature usually above the boiling point
of the solvent which is mostly water. Due to the synergic effect of
high pressure and increased temperature crystalline inorganic
material can be produced as a single-step process. Compared to
other state-of-the-art preparation methodologies for the growth
of 2D materials, the hydrothermal offers several benefits such as
cost-effectiveness, simple experimental setups, higher yield, ease
to handle and optimize the reaction, convenience in tuning the
morphologies and exposed edge states and compositing with other
nanomaterials as hierarchical structures [161-163]. More impor-
tantly, the performance of the MoS, synthesized by the hydrother-
mal method has shown to be promising as a cathode
electrocatalyst for HER. However, longer reaction times, lower
crystallinity, and lesser uniformity in the achieved material could
be possible challenges of this method [163-165]. Pu et al.
hydrothermally grew MoS, thin film on the Mo foil (MoS,;/Mo)
electrode which demonstrated impressive performance in acidic
media (0.5 M H,SO4) by requiring an overpotential of 0.168 V at
the current density (j) of 10 mA cm 2, together with a remarkable
operational durability of 17 h [166]. Moreover, the HER electrocat-
alytic activity of MoS, can be further improved by scientifically
modifying the growth methods as discussed in the following sec-
tions. Constructing electrocatalytically active sites and phases,
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engineering the structural parameters, creating more intrinsic
defects, and enhancing the reaction kinetics through doping and
making heterojunctions are the featured strategies pursued in
the paradigm of hydrothermal synthesis to improve MoS, perfor-
mance. This method can be further classified into sub-synthesis
techniques such as heat treatment, phase transformation, ion
exchange, etc. In this section, various scientific attempts to
improve the HER performance of the hydrothermally synthesized
MoS, electrocatalyst are described. Table 1 summarizes the perfor-
mance of the MoS,-based electrocatalysts prepared through the
hydrothermal growth method.

6.1.1. Engineering structure and morphology

As mentioned earlier, MoS, is a graphene-like 2D material
whose basal surface is catalytically inactive. However, engineering
the edge structure can improve the catalytic performance. Materi-
als with structure-sensitive properties at the nanoscale can be con-
structed to improve the HER activity. Thus, decreasing the size of
the material and lowering the dimensionality due to the quantum
confinement effect, can enhance the electrocatalytic activity by
increasing the edge sites [142,143]. The morphology and distribu-
tion of the electrocatalytically important edge sites of MoS, are
found to be sensitive to the synthesis conditions. Kumar and co-
workers by controlling process parameters of the typical
hydrothermal method such as sulfur precursor and reaction tem-
perature, developed MoS, with varying morphologies, for instance,
nano-sheets, nano-capsules and nano-flakes [167]. Fig. 4(a-c)
show field emission scanning electron microscopy (FE-SEM)
images of three different MoS, materials obtained by varying the
heating temperature of the autoclave. It is clear that each variant
possesses its own intrinsic morphology, for example, the MoS,
nano-sheet in Fig. 4(a) shows a thin sheet-like morphology
whereas the MoS, nano-capsule in Fig. 4(b) has a capsule-like
structure with 10-100 nm diameter. Moreover, it can be seen that
a few of the damaged capsule walls indicate that capsules are
made up of hollow inner space. Unlike the MoS, nano-capsule, a
single MoS, flake was a few hundred nm in length as can be seen
in Fig. 4(c). It is demonstrated that even though all three electro-
catalysts were prepared through the hydrothermal procedure but
a slight alteration in temperature and precursor type could lead
to significant changes in the resultant nano-structures as well as
morphologies of MoS, material. With the adopted methodology,
they were able to increase the exposed edge sites which, in turn,
ensured superior electrochemical performance under acidic condi-
tions (0.5 M H,SO4). MoS, nano-capsules (S02) carried out HER
with an overpotential ~120 mV (j = 10 mA cm—2) as can be appre-
ciated in Fig. 4(d) and remained stable when integrated into a
single-cell PEM water electrolysis for 200 h [167].

The size of the nanostructures also plays an important role in
determining the rate of electrocatalytic activity. For instance,
small-size particle-like single atoms, clusters, and quantum dots
(QDs) have higher electrocatalytic activity in comparison to their
bulk [169-172]. By decreasing their size, the overall amount of
exposed surface atoms is increased [173]. Mohanty et al. synthe-
sized small-size and highly luminescent MoS, QDs (MSQDs) and
MoS, nanosheets (MSNSs) by a simple hydrothermal method from
single carbon-free ammonium tetrathiomolybdate [(NH4),MoS4]
precursor as presented in Fig. 4(e) [168]. The as-synthesized
MSQDs exhibited HER overpotentials of 0.210, 0.270, and 0.335 V
(j = 10 mA cm~2) with Tafel slope of 65, 78 and 116 mV dec™! in
0.5 M H,S04, 1 M KOH, and 1 M PBS, respectively, as demonstrated
in Fig. 4(f-h).

6.1.2. Phase transition
As it was mentioned before, MoS, has different crystal phases.
The most stable phase is 2H which is a semiconductor in nature
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Fig. 3. Calculated Pourbaix diagram of MoS, in a 10~° M sulfide concentration reporting the prevalent species in each pH-Potential region [158]. Reproduced with permission

from Ref. [158]. Copyright 2021, American Chemical Society (ACS).

and restricts the electrocatalytic performance because of its rela-
tively low conductivity. Thus, for having better HER performance
and higher charge transfer kinetics, a metallic phase such as the
distorted octahedral 1 T phase of MoS, is desired. In this way, sul-
fur atoms in the basal plane get activated and hence hydrogen
absorption is enhanced compared to the 2H phase [174-176]. On
the other hand, due to -7 van der Waals interaction, the 1 T phase
is unstable and spontaneously converts to the 2H phase over time
[177,178]. Lv et al. developed a facile one-step hydrothermal
method to synthesize structurally stable ultra-thin 1 T MoS,
in situ attached to graphene networks as schematically illustrated
in Fig. 5(a) [179]. The synthesized 1 T MoS,/ GO contains a 76.7%
1 T MoS, content. GO inhibits the transition from the 1 T phase
to the 2H phase. Raman spectra of MoS,/GO samples are shown
in Fig. 5(b). For the 1 T MoS,/GO, the peaks located at 147.1,
194.2, 235.5, 282.8 and 335.4 cm~! correspond to the characteris-
tic phonon vibration patterns of 1 T-phase MoS, [180,181]. The
weak peaks at 376.1 and 403.4 cm™' can be attributed instead to
the inplane (E},) and out-of-plane (A;z) vibration mode of 2H-
phase MoS, [88,181]. The developed 1 T MoS,/GO demonstrated a
lower HER overpotential of 0.209 V (j = 10 mA cm2) with a Tafel
slope of 45.5 mV dec™' in 0.5 M H,SO,. (Fig. 5c and d). Xie et al. pro-
posed hydrothermally fabricated defect-rich and ultrathin MoS,
nanosheets with lateral sizes between 100 and 200 nm and nine S-
Mo-S layers [182]. They designed a reaction involving high concen-
trations of precursors to stabilize the nanosheet morphology, and
varying amounts of thiourea to induce the formation of a defect-
rich structure. Such a strategy resulted in the partial cracking of
the inert basal plane and exposed additional active edge sites. Thus,
the achieved HER performance of defect-rich ultrathin MoS, in acidic
media showed an onset overpotential of 0.120 V (j = 10 mA cm—2)
and a Tafel slope of 50 mV dec™' in 0.5 M H,SO, (Fig. 5e).

6.1.3. Heterojunction method

Structural adjustment and development for electrocatalytic
performance can be realized by forming heterojunctions. The piv-
otal role of this strategy towards HER is the launching of additional
electrocatalytic sites, which increase the reaction kinetics.
Recently, Chen et al. reported the growth of starfish-like remark-
able heterostructures of MoS,/CoS with interface engineering on
nickel foams (NF) as displayed in Fig. 6(a) [183]. Firstly, ZIF-67
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was in-situ grown on the NF under ambient conditions and sub-
jected to vulcanization to produce hollow frameworks of CoS poly-
hedrons which were subsequently modified by MoS, through
hydrothermal reaction. The achieved MoS,/CoS/NF HER electrode
demonstrated the lower overpotential of just 67 mV at 10 mA cm
(Tafel slope of 56 mV dec™!) along with outstanding stability in the
alkaline medium (1.0 M KOH) as presented in Fig. 6(b). In another
attempt, Hu et al. assembled MoS;/NiCo-layered double hydroxide
(LDH) heterostructures as highly efficient electrocatalysts by
employing two facile and fast microwave hydrothermal processes
[113]. LDHs, especially those based on Co, Fe and Ni are well-
known as an emerging family of efficient electrocatalysts for oxy-
gen evolution reaction (OER) in alkaline media, and can effectively
adsorb hydroxyl species and catalyze their dissociation [185-187].
Using the as-obtained MoS,/NiCo-LDH composite as an HER elec-
trocatalyst, the reaction overpotential was remarkably reduced to
78 mV (j = 10 mA cm2) with a low Tafel slope of 76.6 mV dec™!
in 1.0 M KOH solution (Fig. 6¢ and d). Moreover, the MoS,/NiCo-
LDH demonstrated a marginal increase of just 3 mV in overpoten-
tial during chronopotentiometry measurements for 48 h at the cur-
rent density of 20 mA cm ™2 as clearly shown in Fig. 6(e). Another
way to enhance the activity of MoS, is to make a heterojunction
with nickel sulfides (NiS, NiS,, and NisS,). This approach can also
uplift the electrocatalytic stability under alkaline conditions. More-
over, due to the addition of nickel sulfides, these electrocatalysts
also demonstrate their efficacy towards OER too and hence can
be utilized as bifunctional electrocatalysts [188,189]. Some
research has been done on Mo-Ni-based heterostructured bimetal-
lic sulfides for alkaline water electrolysis and worth reading scien-
tific endeavors can be found in the literature [190-192]. In this
context, Liu et al. prepared a hybrid of non-stoichiometric nickel
sulfide and MoS; (Mo0S,@NipgsS) through a facile one-step
hydrothermal strategy followed by thermal annealing to obtain
an electrocatalytically active interface for overall water splittings
(Fig. 6f) [184]. The deconvoluted X-rays photoelectron spec-
troscopy (XPS) profiles of Mo 3d for the hybrid NipgeS and MoS,
nanosheets shown in Fig. 6(g) indicated a negative shift in Mo*4,
3ds;;, and 3ds;; peaks is due to the hybridization of MoS,
[193,194]. The fitting analysis further (Fig. 6h) revealed the fact
that two types of Ni 2p3, photoelectron peaks including Ni,, and
Nis,, in pristine Nig oS give a positive shift in the MoS;NiggeS-1 h
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Table 1
HER performance of the electrocatalysts fabricated via hydrothermal growth.
Sr.  Synthesis Strategy to improve HER Overpotentials  Tafel slope (mV Electrolyte Ref.
No Controls (mV) at dec™!)
j=10mA cm?

1 Controlling the reaction temperature and sulfur Changing morphology by producing nano- 120 - 0.5 M H,S04 [167]
precursor employed capsule

2 Used carbon-free ammonium Production of MoS; quantum dots 210in 0.5 M 65in 0.5 M H,SO4 0.5 M H,S04 [168]
tetrathiomolybdate [(NH4),MoS,] precursor H,S0,4 and 78 in 1 M KOH and 1 M KOH

270in 1 M KOH

3 Combining hydrothermal method with plasma  Reducing the particle size 60 33 0.5 M H,SO4 [233]
treatment

4 Varying amounts of thiourea Defects inducement 120 50 0.5 M H,SO4 [182]

5 Optimization of 2-MoS,/CoS/NF Interface engineering by making 67 56 1 M KOH [183]

heterojunctions

6 Combination of two fast microwave MoS;/NiCo-(layered double hydroxide) LDH 78 76.6 1 M KOH [113]
hydrothermal processes heterostructures

7 One-step hydrothermal method, followed by Hybrid of nickel sulfide and MoS, 104 84 1 M KOH [184]
annealing at 400 °C

8 Using rGO as MoS; particles decorated on rGO sheets 140 50 0.5 M H,S04 [208]
a conductive support

9 The dual-step hydrothermal method associated Use of conductive support by designing 118 55 1 M KOH [216]
with a facile selective etching ZnS@C@MoS,; core-shell nanostructure

10 Composite electrocatalysts of g-C3Na/FeS,/ Fe-N and Fe-S bonding to increase the 193 87.7 0.5 M H,S04 [221]
MoS, with bridging function of FeS, conductivity and restrict the MoS,

agglomeration

11  Ionic-liquid mediated synthesis of MoS,/graphene composites where graphene 152 52 0.5 M H,S04 [217]
MoS;/graphene composites as a conductive support

12 Catkin carbonized with a pyrolysis method at Catkins/MoS, hybrids (conductive support) 136 62 0.5 M H,S04 [224]
900 °C for 4 h under a nitrogen atmosphere.

13 Atmosphere-controlled pyrolysis for waste MoS;,/CWM (heat-treated melamine wastes) 56 36.6 0.5 M H,SO4 [225]
carbonization. nanocomposites

14  Controlling the phase transformation Graphene oxide (GO) inhibits the transition 209 45 0.5 M H,S04 [179]

from the 1 T phase to the 2H phase

hybrid [195]. The upshifting of Ni 2p5/, binding energy and down-
shifting of Mo 3d binding energy in the hybrid strongly suggest the
occurrence of a charge transfer process between NigggS and MoS,
due to the intimate heterojunction interfaces with strong elec-
tronic interactions in the hybrid. Such structural attributes help
in dropping the binding energies of intermediates together with
an improvement in electrocatalytic rates and thus overall electro-
catalytic performance is enhanced. In this way, the developed
MoS,@Nigg6S hybrid showed an HER overpotential of 104 mV
(j = 10 mA cm~2) with a Tafel slope of 84 mV dec™! in 1.0 M
KOH electrolyte [184].

6.1.4. Conductive supports

As detailed discussed above, one of the reasons behind the lim-
ited HER performance of MoS, is its low intrinsic electronic con-
ductivity. This is because most of the edge catalytic sites in bulk
MoS; are located adjacent to each other slowing down the electron
transport [196-200]. It is known that the electrochemical perfor-
mance of MoS, can be elevated by improving mass transfer and
electron transportation [201]. Plenty of methods can be used for
enhancing the electronic conductivity such as by improving the
surface area, increasing the exposure of active edges, and the num-
ber of active sites in the electrocatalyst. Therefore, various efforts
have been made to modify the characteristics of the material by
coupling the MoS, with conductive supports like graphite, carbon
paper, graphene nanosheets, Ni foam, graphene oxide, and carbon
nanotubes [202-207]. Aditya et al. reported a novel synthesis of
MoS, particles decorated on reduced graphene oxide (rGO) sheets
[208]. The hydrothermal procedures were used at different stages
of the synthesis pathway where graphene oxide was primarily syn-
thesized by the Hummers’ method [209]. Related to the MoS,
nanoparticles on rGO sheets, the characteristic XPS deconvoluted
peaks for Mo** (Fig. 7a) were identified at 229.3 and 232.4 eV.
The Mo 3ds; and 3ds, are split into doublets with 0.9 eV separa-
tion due to the co-presence of 1 T and 2H MoS,, at 232.2, 231.3,

266

230.2 and 229.3 eV, where the lower energy corresponds to the
1 T phase. This change in phase causes the enhancement in elec-
tron transfer because electron transfer is higher in a metallic envi-
ronment compared to semiconductors. Therefore, the developed
electrocatalyst performed outstanding HER in 0.5 M H,SO,4 with
0.140 V overpotential (j = 10 mA cm™2) and a Tafel slope of
50 mV dec'.

Similar work was done by Xu et al. on the HER activity of MoS,
[210]. A typical defect-rich architecture containing nitrogen-doped
reduced graphene oxide (rGO) with MoS, loading was prepared
through a pyrolysis/hydrothermal step method as schematized in
Fig. 7(b). The rGO and MoS, played a synergetic role in reducing
the AGy value to create favorable reaction states and eventually
carried out HER with an overpotential of 0.102 V (j = 10 mA cm™2)
which was considerably lower compared to that of bare rGO.
Another way of enhancing electrochemical performance is to
shorten charge transport lengths and improve the surface area is
combining the MoS, with porous carbonaceous nanostructures
[211-214]. Not long ago, when Ge et al. presented a novel strategy
to enhance the HER kinetics by vertically growing MoS, nanolayers
on rGO with cross-bridging metallic ions that not only modulated
the MoS, growth preferences but also acted as effective channels
for the rapid charge transfer between MoS, and rGO [215]. Such
a remarkable composite structure demonstrated superior HER in
an acidic medium. Furthermore, Liu et al. adopted a dual-step
hydrothermal bottom-up route in combination with a facile selec-
tive etching to design hierarchical ZnS@C@MoS, core-shell nanos-
tructures [216]. In the first step, the core of zinc sulfide (ZnS)
nanospheres were fabricated via a simple hydrothermal method
and then ZnS@ Polydopamine (PDA) was prepared by the polymer-
ization of dopamine in a Tris-buffer solution. In this way, a porous
carbonaceous shell was coated on ZnS nanospheres when
ZnS@PDA suffered from carbonization and selective etching in
acidic conditions. Lastly, MoS, nanosheets were hydrothermally
developed on ZnS@C mesoporous nanospheres to produce hierar-
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from Ref. [167]. Copyright 2016, Elsevier Ltd. (e-h) Reproduced with permission from Ref. [168]. Copyright 2020, American Chemical Society (ACS).

chical ZnS@C@MoS, core-shell nanostructures. From the SEM
images, it can be understood that pure ZnS nanospheres were
monodispersed and had spherical morphology but a rough surface
with a diameter of about 280 nm is shown in Fig. 7(d). After coat-
ing PDA, the surface gets smoother and the diameter was enlarged
(Fig. 7e). However, after being annealed and selectively acid-
etched, ZnS@C kept a uniform spherical morphology but with a
rough surface (Fig. 7f). After further hydrothermal treatment,
MoS, nanosheets grew on ZnS@porous carbon to form the hierar-
chical ZnS@C@MoS, core-shell nanostructures as a whole
(Fig. 7g). Finally, the hierarchical ZnS@C@MoS, performed HER
with an overpotential of 0.118 V (j = 10 mA cm2) and a Tafel slope
of 55.4 mV dec™! which came out to be superior compared to pris-
tine MoS, as shown in Fig. 7(g).

Ye et al. proposed another scheme to enhance the electronic
conductivity and the number of active sites on the MoS, electrocat-
alyst surface [217]. In this work, the ionic liquid (IL, 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM]BF,)) in the pres-
ence of graphene oxide was used to facilitate the formation of
MoS,/graphene nanocomposites (MoS,/G-IL10) via a single-step
hydrothermal method. This methodology provides up-wrapped
sheets of MoS, with short slab lengths and discontinuous crystal
fringes are well dispersed and anchored on the surface of the
curved graphene. The developed MoS,/G-IL10 demonstrated many
de-layered MoS, sheets having shorter slab dimensions and irreg-
ular crystal fringes on the graphene’s surface, which uplifted the
number of active sites for HER. As a fact, carbon materials usually
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improve the HER performance of MoS, when combined with it
[218-220]. Recently, Li et al. used a hydrothermal approach to
develop an efficient HER electrocatalyst (g-C3Ng4/FeS;/MoS;) by
growing MoS, nanosheets g-C3N, substrates with FeS, sites as
the bridging connections [221]. The chemical bonds such as the
Fe-S bonds between MoS, and FeS, and the Fe-N bonds between
g-C3N4 and FeS; acted as direct pathways for the charge transfor-
mation and improved the conductivity of the derived electrocata-
lyst. Besides performing the bridging function in the
nanocomposite, FeS, sites confirmed the vertical growth of highly
uniform MoS, nanosheets with exposed edges by restricting the
agglomeration of nanosheets. Such attributes translated into an
outstanding electrocatalytic activity with an overpotential of
193 mV and operational durability.

In the variety of carbon precursors, biomass is an interesting
source, not only for its large specific surface area and hierarchical
porous architecture but also for its high coverage of surface het-
eroatoms like O, P, etc. Biomass-based materials can be obtained
at a low price and are environment-friendly and green [222,223].
Tong et al. worked on synthesizing the novel nanoflake-on-
tubular microstructure containing ultrathin MoS, nanoflakes on
carbonized catkin microtubes, named catkins/MoS, hybrids
[224]. This method, by increasing the active sites and enhancing
conductivity, improved the overall performance.

With a similar idea, Zhao et al. studied HER activities over the
MoS,/CWPU (polyurethane wastes) and MoS,/CWM (heat-treated
melamine wastes) nanocomposites which were synthesized by
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atmosphere-controlled pyrolysis at 800 °C for 4 h to synthesize
the CWM and CWPU support followed by a hydrothermal method
for the synthesis of MoS,/CWM and MoS,/CWPU [225]. MoS,/
CWM 1:1 nanocomposite showed superior electrocatalytic perfor-
mance for HER. The ultrathin nanosheets of MoS, demonstrated
optimum electrical conductivity and plenty of active sites where
the support with higher nitrogen content has rapid electron
transfer and efficient hydrogen production. MoS,/CWM 1:1 dis-
played an impressive overpotential of 56 mV (j = 10 mA cm2),
a Tafel slope of 36.6 mV dec™!, and a high exchange current den-
sity of 0.35 mA cm~2 along with long-term operational stability in
0.5 M H,SO..
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6.1.5. Plasma treatment

Surface structure and properties have paramount importance
for HER performance. As explained earlier electrocatalytic activity
of the material is more likely dependent on particle size, conduc-
tivity, and electrochemically active surface area. A way for surface
modification is using the plasma which has reactive chemical spe-
cies [226-229]. By creating defects, bandgap controlling, and
enhancing electrical conductivity, plasma engineering has proven
to have positive effects on improving HER in MoS, [230-232].
Niyitanga and Jeong used the plasma method for improving
HER in the MoS, electrocatalyst [233]. MoS, was produced via
the hydrothermal technique in combination with ambient
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plasma. Plasma was used to reduce the particle size of the elec-
trocatalyst. The plasma treatment was done after hydrothermal
synthesis of MoS,, for different time durations (15, 30, 60, and
120 min) as shown in Fig. 8.

SEM micrographs given in Fig. 8(a) specify ~2 pum flakes of
MoS, became fluffy after the plasma treatment, as illustrated in
Fig. 8(b). In the meantime, H-MoS, had a lot of very small flakes
in Fig. 8(c), and that larger chunk having tiny flakes reduced in size
as the plasma treatment was done for 30 min, as shown in Fig. 8(d).
The small flakes got evenly dispersed among chunks due to plasma
treatment, as exhibited in the SEM micrographs of H-P-MoS,
(60 min) and H-P-MoS, (120 min) in Fig. 8(e and f), expecting
increased surface area as well as high electrocatalytic activity for
HER. H-P-MoS; (120 min) gave the least overpotential of just
0.06 V with a small Tafel slope of 33 mV dec™! in 0.5 M H,SO,.
Where the plasma treatment modifies the morphological parame-
ter it also affects the surface chemistry and therefore can alter the
electrode/electrolyte interaction [234-236]. Tao et al. induced var-
ious physical and chemical defects in the 2D MoS, using Ar and O,
plasma treatment that improve the HER performance of the
derived electrocatalysts due to enhanced affinity between elec-
trode and electrolyte [234]. Although the morphological effects of
Ar and O, plasma treatment were similar, O, plasma increased
the valency of molybdenum due to the generation of MoQs, speci-
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fying the oxygen inducement in the MoS, structure by making Mo-
O bonds. Similarly, the oxidation of sulfur increased up to + 6
which indicated the presence of S-O bonds. Such oxygen incorpo-
ration via plasma treatment benefited the hydrophilicity by reduc-
ing the contact angle from 96.5° of pristine MoS, to 48.4° of
plasma-treated MoS, that in turn reduced the charge transfer resis-
tance and uplifted the HER kinetics.

6.2. Chemical vapor deposition

In the last decade, novel TMDCs such as MoS, prepared by
chemical vapor deposition (CVD), have attracted scientific atten-
tion because of their unique properties and tremendous potential
applications in various domains. In CVD solid nanomaterials can
be effectively deposited on the substrate by chemical gas or
vapor-phase reaction taking place on or in a close vicinity of the
heated substrate. The nanomaterials could be in the form of single
crystals, amorphous power and thin films whereas their physio-
chemical properties can be altered by varying experimental condi-
tions. No doubt, the previously discussed technique of
hydrothermal synthesis of MoS, provides ease and cost-
effectiveness due to the absence of highly expensive types of
equipment and requirements of the vacuum. However, the preci-
sion in the dispersion, morphology, stoichiometry and surface cov-
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Fig. 7. XPS spectra of Mo 3d in MSRGO, (a) [208]. The schematic preparation process of the RGO/MoS, composite (b) [210]. The preparation of hierarchical ZnS@C@MoS,
core-shell nanostructure (c) and SEM images of (d) ZnS, (e) ZnS@PDA, (f) ZnS@C and (g) ZnS@C@MoS, along with a corresponding HER performance in (h) [216]. (a)
Reproduced with permission from Ref. [208]. Copyright 2016, Elsevier Ltd. (b) Reproduced with permission from Ref. [210]. Copyright 2021, Elsevier Ltd. (c-h) Reproduced

with permission from Ref. [216]. Copyright 2019, Elsevier Ltd.

erage may remain challenging. Moreover, the involvement of long
reaction times, as long as 24 h and the requirement of dangerous
precursors, i.e., molybdenum chloride might lead to low efficiency
and potential hazards, respectively [236]. In parallel to other meth-
ods, CVD provides an opportunity to grow atomically thin MoS,
while being compatible with advanced industrial fabrication tech-
nologies and paves the way for conformal, cost-effective, homoge-
neous, and highly pure production [237,238]. CVD typically
involved lower vapor pressure that ensures a uniform flow of vapor
precursors and hence homogeneous growth of the materials is
evolved [239]. Controlling the CVD parameters such as modifica-
tions in the synthesis steps, optimization of growth temperatures,
precursor designing and substrate engineering, the characteristics
of derived 2D material can be tuned according to the demands of
the application [240]. During MoS; film deposition via CVD, some-
times maintaining the smooth uniformity of film thickness due to
the concentration gradient of the precursor vapors over the sub-
strate could be challenging, however, by optimizing the process
parameters such issues can be resolved. In the upcoming section
strategic endeavors to uplift the HER capability of MoS,-based
electrocatalysts through CVD as a governing methodology have
been summarized.
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6.2.1. Structural modifications during CVD

Another effective approach to upturn the HER activity is to
increase the given geometric area. Li et al. used a scalable
single-step CVD to deposit highly porous thin films consisting of
edge-rich MoS, nanoplatelets on a wide range of substrates,
including silicon wafers, glassy carbon, graphite, and single-wall
nanotubes [241]. To separately control the temperature of MoO3
and S precursors that were in powder form, a two-zone method
was used. The deposition was carried at 830-900 °C. The sche-
matic setup for CVD growth is shown in Fig. 9(a). The tilted
SEM micrograph of the sample deposited at 866 °C (while keep-
ing the deposition time for 120 min) in an Ar atmosphere
(Fig. 9b), showed the evolution of multilayered nanoplatelets.
The observation of nanoplatelets perpendicular to the substrate
proposes the stacking of previously formed layers of smaller pla-
telets under the larger nanoplatelets. Hence the film had three
regimes: a bottom layer consisting of very fine crystals with an
average size of less than 0.5 pm, the middle layer containing crys-
tals of intermediate size (mostly between 1-2 pum), and finally
the uppermost layer carrying the platelets of ~5 pum. In another
attempt, Ruiz et al. prepared MoS, vertically standing nanosheets
by metal-organic CVD (MOCVD) employing molybdenum hex-
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acarbonyl and 1,2-ethanedithiol as precursors [242]. By deposit-
ing the films at different temperatures (Tqep between 500 and
800 °C), the effects of different surface morphologies, from
nanoparticles to vertically standing nanosheets were investigated.
XPS of MoS; films composed of nanoparticles and nanosheets pre-
pared at all deposition temperatures is demonstrated in Fig. 9(c).
The left figure shows Mo 3dand S 2s peaks on the left whereas the
S 2p peaks are demonstrated in the right fig. All the XPS peaks
shifted to lower binding energy with decreasing deposition tem-
peratures. MoS; film prepared at 600 °C exhibits the lowest value
of overpotential (0.355 V (j = 10 mA cm™2)), where the Tafel slope
varied from 68 to 94 mV dec™! in 0.5 M H,SO, (Fig. 9d). This indi-
cates the definitive effects of microstructural attributes on the
final electrochemical performance. The carbonaceous matter has
been considered the main reason causing the shifting of Mo and
S peaks to lower energies in the XPS spectra due to the interac-
tion between carbon and MoS, [243-245]. Carbon has been rec-
ognized as a factor to degrade the electrocatalytic activity due
to coke poisoning on the active sites [246]. As we know that
active site in MoS; is the sulfur-rich edge of the nanosheet, while
the basal planes are inert. Therefore, the vertically standing
nanosheets with smaller carbon content and larger edge density
would have higher electrocatalytic performance.

Although remarkable attempts have been made to achieve
large-area MoS, monolayers, it is not straightforward to obtain
high crystalline quality continuous monolayer films. Thus, growing
a large grain size MoS, monolayer in the bare CVD process remains
a challenge. It has been reported that the growth of MoS, is very
sensitive to the prior substrate treatment. Since the amorphous
SiO, substrate is not the best candidate to grow large-area thin
crystalline film on it, thereby, exploiting seeding promoter mole-
cules on the substrate could enhance the planer nucleation of
MoS, [247]. In this regard, the usage of organic promoters such
as perylene-3,4,9,10-tetracarboxylic acid tetra potassium salt
(PTAS) during the CVD process has contributed to lowering the free
energy for nucleation and consequently a possible decrease in the
growth temperature [248-250]. Among different promoters, alkali
metal halides (AMH) like NaCl, KBr, and KCl are beneficial for the
suppression of the nucleation of new MoS, domains on the sub-
strate and may also have an electrocatalytic role to increase the
surface reaction rate [251-253].

Zhu et al. investigated the HER activity of salt-templated low-
pressure CVD-grown MoS, nanosheets using NaCl micro-sized
cubic crystal powders as three-dimensional (3D) templates [254].
Higher growth temperature can accelerate the volatilization of
Mo precursor, and thus increase the nucleation density of MoS,
on the crystal facets. This fact can explain why MoS, nanosheets
occurred on the facets of NaCl crystals, and their coverage was
increased with the increasing growth temperature. SEM images
of NaCl@MoS, powders which were grown at 550 °C can be appre-
ciated in Fig. 9(e and f). For these samples, the electrocatalytic HER
performance showed the overpotential of 0.30-0.36 V (j = 10 mA ¢
m~2) and a Tafel slope of 87.6-103.9 mV dec™' in 0.5 M H,S0, elec-
trolyte which tended to uplift by increasing the growth tempera-
ture due to enhanced nanosheet thickness.

The number of edge sites in MoS, can also be increased by syn-
thesizing large-area MoS, with dendritic architecture, which has a
desirable edge-rich monolayer structure. Xu et al. performed an
atmospheric pressure CVD (APCVD) to tailor the substrate con-
struction and the monolayer MoS, evolved from triangular to den-
dritic morphology because of the change in growth conditions
[255]. The monolayer dendrites showed strong photolumines-
cence, indicating direct band gap emissions sustained after being
transferred. However, post-transfer S-annealing restored the struc-
tural discontinuities and lowered the extent of n-type doping in
MoS, monolayers. Basal plane with superior crystallinity and den-
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dritic edges were also observed in the optical microscopic and SEM
visualizations. MoS, dendrites after annealing exhibited optimum
and stable HER performance with a large current density of 32
pA cm ™2,

Depositing nanocrystals (NCs) or QDs with extremely low
dimensions (size below < 5 nm) could also be an exciting strategy
to increase the edge sites and make the maximum usage of surface
area that can definitely benefit the HER activity. NCs or QDs of
MoS, are traditionally developed through colloidal chemistry or
molecular beam epitaxy in Stranski—Krastanov growth fashion.
Although such methodologies can give acceptable crystallinity,
the removal of organic ligands attached to the QDs from colloidal
solution is not an easy task and also homogeneous dispersion of
QDs on the substrate is difficult, eventually leading to inferior elec-
trocatalytic activities [256,257]. Moreover, during the epitaxy
method, the growth of TMDCs in the Stranski — Krastanov fashion
is undesirable due to the weak van der Waals interaction of the
depositing TMDCs with the substrate. To mitigate such problems,
recently, Wang et al. grew single-layer MoS, NCs with particle size
ca. 5 nm on the sapphire substrate with full surface coverage using
CVD. Monodispersed and abundance of exposed edges remarkably
improved the HER activity with an onset potential of 50 mV and
Tafel slope of 57 mV dec™! [258].

6.2.2. Heterostructures via CVD

To improve the electrical conductivity and increase the density
of active sites, Nikam et al. proposed very efficient 3D heterostruc-
tures with MoS, nanosheets on conductive MoO, [259]. Both the
backbone of the conductive oxide layer of MoO, and the 3D
MoQ, structure that create structural disorders in MoS,
nanosheets, cause to facilitate interfacial charge transport and
expose tremendous active sites, respectively. Low-pressure CVD
(LPCVD) was used for the 3D MoS,/MoO, heterostructures synthe-
sis. The metallic 3D MoO, cores were grown using a commercially
available carbon cloth as substrate scaffold followed by the forma-
tion of distorted MoS, nanosheets on metallic 3D MoO,. The syn-
thesized 3D MoS,/MoO, hybrid demonstrated an overpotential of
142 mV (j = 10 mA cm2), a low Tafel slope of 35.6 mV dec!,
and superior durability in 0.5 M H,SO4 electrolyte.

In another work, Wan et al. made an effort to enhance the activ-
ity performance not only by improving the conductivity but also by
increasing the number of active sites [260]. Thus, the fractal-
shaped single-layer MoS, with large tensile strain was directly syn-
thesized on fused silica, then transformed the MoS; on the gra-
phene substrate. The electrocatalytic capability of the developed
2D hybrid heterostructures was influenced due to the synergic
combination of electrocatalytically active MoS, edges and highly
conductive graphene. CVD with a dual-temperature-zone system
that used sulfur and MoOs; as precursors, was used to grow
fractal-shaped single-layer MoS,.

Zhou et al. studied the MoS;/WTe, heterostructure using an
electrochemical microreactor to investigate the role of the inter-
face between the monolayer of MoS, in the semiconducting 2H
phase and the monolayer of WTe, in the metallic T4 phase [261].
The MoS,/WTe, heterostructure can exhibit improved HER activity
due to a lower Schottky barrier at the interface, improved contact
due to the large area heterointerface, and reduced electron trans-
port pathways. Transmission electron microscopy (TEM) charac-
terization of the MoS,/WTe, hybrids (Fig. 10a and b) shows few-
layer MoS, nanosheets intimately anchored on WTe, nanoflakes.
High-resolution TEM images show MoS, interlayer spacing of
0.62 nm (Fig. 10b), suggesting that the MoS, layers are oriented
vertically as well as horizontally with respect to the WTe, flakes.
Fig. 10(b) shows the WTe; (020) plane spacing of 0.30 nm. Based
on TEM analysis, ultrathin MoS, layers whose layer alignment is
vertical to the WTe, flakes appear dominant over the horizontal
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Fig. 8. SEM images of (a) MoS,, (b) P-MoS,, (c¢) H-MoS,, (d) H-P-MoS; (30 min), (e) H-P-MoS, (60 min) and (f) H-P-MoS, (120 min). HER polarization curves (g) and the
corresponding Tafel plot (h) of the aforementioned samples in 0.5 M H,SO,4 [233]. Reproduced with permission from Ref. [233]. Copyright 2019, Elsevier Ltd.

layer alignment. Such attributes lead MoS,/WTe, to deliver HER
overpotential of 0.14 V (j = 10 mA cm™2) with a Tafel slope of
40 mV dec™! in 0.5 M H,S0..

In another study, Yu et al. worked on the synthesis of the MoS,/
VS, hybrid by in situ growing the MoS, micro flowers on the VS,
micro flakes using a single-step CVD process (Fig. 10c) [262]. An
improvement was observed in the HER activity of the hybrid elec-
trocatalyst due to the formation of lightly vanadium-doped MoS,
as vanadium dopants can effectively enhance the in-plane electri-
cal conductivity and intrinsic activity of MoS, simultaneously.
Raman spectra of the MoS,/VS, hybrid, pristine MoS,, and VS,
are shown in Fig. 10(d). The in-plane vibration mode (E%;) and
out-of-plane vibration mode (A;,) of the pristine MoS, which were
at ~382.8 and ~408.4 cm~!, respectively, red-shifted to ~381.1
(F3,) and ~407.3 cm™" (Ayg) after thermal hybridization with VS,
[263,264]. This observation indicated the incorporation of vanadium
dopants into the MoS, matrix. Also, the vibrational frequency differ-
ence between A,z and (E7,) of the MoS,/VS, hybrid (25.6 cm™') was
far greater than the typical value of the monolayer of MoS,
(18 cm™ 1), revealing its bulk state structure [265]. The Ag and E,
vibration peaks of the VS, were not observed in the MoS,/VS, hybrid
because of the full coverage of on-top MoS, micro flowers. The MoS,/
VS, required an overpotential of 199.6 mV (j = 10 mA cm2) while
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the HER capability of the pristine MoS, and VS, remained at the
overpotential of 330.8 and 259.7 mV (j = 10 mA cm™2), respectively
in 0.5 M H,S0, (Fig. 10e).

With a similar idea, Oh et al. established a 3D heterostructure
based on MoS; and graphene stack on carbon cloth with outstand-
ing HER performance due to the superior electrochemical activity
and stability of carbon-based materials like graphene [266]. In this
study, they exploited sequential growth steps, in which nickel elec-
trodeposition was performed on carbon cloth (CC), followed by
thermal CVD growth of graphene on top of Ni/CC pre-deposited
stack to achieve Graphene/CC. The sequential 3D heterostructure
of MoS, and graphene can provide a platform with increased active
edge sites. The TEM image in Fig. 10(f) taken from the magnified
view of the selected area presented in Fig. 10(g), shows the MoS,
with a d-spacing of 0.27 nm on the multiple layers of graphene
with a d-spacing of 0.34 nm. The surface changed from activated
carbon of CC to CVD-grown graphene due to the deposition of gra-
phene on CC is reflected in the formation of the 2D peak with large
full width at half maximum (FWHM) in the Raman spectra
obtained from the MoS,/Gr/CC stack (Fig. 10h). In addition, the
Raman shift separation of E,; and A peaks (~27 cm™!) confirms
the formation of bulk MoS, (Fig. 10i). MoS,/Gr/CC exhibited
encouraging HER activity with an overpotential of 91 mV (j = 10
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Fig. 9. Atmospheric pressure CVD synthesis of an edge-exposed MoS, nanoplatelet network on various substrates (a). Spatial growth of MoS, thin-film perpendicular to the
substrate surface, having three layers of varying platelet sizes (as indicated by dashed lines) (b) [241]. XPS spectra of MoS, films (c) prepared at deposition temperature = (1)
500, (2) 600, (3) 700 and (4) 800 °C. LSVs and Tafel plots (d) of MoS; films deposited on Au foil at different temperatures [242]. SEM images (e and f) of NaCl@MoS, powders
(grown at 550 °C for 20 min) [254]. (a and b) Reproduced with permission from Ref. [241]. Copyright 2017, American Chemical Society (ACS). (c and d) Reproduced with
permission from Ref. [242]. Copyright 2018, Elsevier Ltd. (e and f) Reproduced with permission from Ref. [254]. Copyright 2020, Springer Publishing Group.

mA cm 2) and a Tafel slope of 48 mV dec™! with 48 h stability in
0.5 M H,SO0,.

Another work by Yang et al. reported an efficient method of
synthesis for a MoS;(1xSey, ternary alloy using CVD on carbon
nanofibers (CNFs) as the substrate and utilized them directly as
hydrogen evolution cathodes which showed a 144 mV dec™! Tafel
slope [267]. This means that the reactions follow the Volmer-
Heyrovsky or the Volmer-Tafel process with the Volmer reaction
as the RDS. It was also proposed by Huang et al. to sulfurize
drop-coated CoCly/MoCls substrates to obtain vertically aligned
Co-doped MoS, nanosheet arrays with excellent electrocatalytic
activity thanks to the high electron mobility in the basal planes
[268]. The authors reported that tuning of CoCl, concentration in
CoCl,-MoCls precursor impacts the nanosheet density, due to the
sulfur vapor diffusion direction. For the vertically grown Co-
doped MoS,-2 array, the as-grown nanosheets are parallel to the
sulfur vapor diffusion direction, whereas, for the Co-doped MoS,-
3 array, the growth direction is not guaranteed (Fig. 11a). HRTEM
image of the Co-doped MoS,-2 array deposited on graphite foil
substrate (Fig. 11b and c) shows (100) planes of hexagonal crys-
talline MoS, with a lattice spacing of 0.27 nm and the intersection
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angle of lattice fringe of 60 °C. Due to the high amount of active
sites in the Co-doped MoS, nanosheet, it demonstrated an overpo-
tential of 185 mV (j = 10 mA cm™2) and a Tafel slope of 65 mV
dec™" in 0.5 M H,SO0,.

Gnanasekar et al. utilized CVD to develop the heterostructures
of NbS,/MoS, vertical nanosheets grown on carbon nanofiber
(CNF) with a high aspect ratio (Fig. 11d) [269]. As presented in
Fig. 11(e and f), FE-SEM micrographs show the bare CNF with a
high rough surface of the carbon nanofiber and tiny NbS, nano
patches that are homogenously distributed on vertically aligned
MoS, nanosheets grown on CNF. Fig. 11(g) shows ultra-thin MoS,
nanosheets with a thickness ranging from 0.6 to 3.9 nm corre-
sponding to the presence of 1-5 layers of MoS,. Other dark patches
of NbS, with a radius of 50 nm were observed over MoS,
nanosheets. Fig. 11(h) illustrates NbS, patches forming over MoS,
with interplanar distances of 0.286 and 0.27 nm and clear lattice
fringes corresponding to NbS, (yellow) and MoS, (red) planes.
The developed NbS,/MoS, electrocatalyst exhibited outstanding
HER activity with low overpotentials i.e., 0.23, 0.21, 0.33 V in
acidic, neutral and alkaline conditions, respectively, measured at
j=50mAcm 2.
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6.2.3. Substrate effect

Li et al. found that substrates can affect the electrocatalytic
activity of MoS, in two ways [270]: (1) change in the chemical
nature of MoS, through charge transformation i.e., proximity dop-
ing, (2) the development of an interfacial tunneling barrier with
MoS,. Outstanding electrocatalytic performance with the mono-
layer MoS, films was realized by employing the substrates that
can induce n-type doping in MoS,, i.e., Ti and give rise to low
interfacial tunneling barriers with MoS,. For the synthesis by
the self-limiting CVD method, molybdenum chloride (MoCls)
powder and sulfur powder were used as the precursors. By con-
trolling the growth temperature in the range of 700-900 °C, the
density of sulfur vacancies could be controlled [271]. Also, the
authors managed to control the layers number of the films by
using different amounts of MoCls [272]. MoS, films onto various
conductive substrates were transferred by using a surface-
energy-assisted transfer method [273]. Raman and XPS results
are similar everywhere for as-grown films but exhibit an obvious
difference for the films transferred onto different substrates. The
Az Raman peak red-shifted with the density of electrons (n-
doping level) of MoS, indicating obvious variation among the
monolayer films on the different substrates [274] as illustrated
in Fig. 12(a). XPS peaks collected from the MoS, films Fig. 12
(b), which were known to shift to higher energy with n-doping,
indicated that the n-doping level of the film is the highest on
Pt substrates and lowest on gold and this observation was consis-
tent with the Raman measurement [274,275]. The HER measure-
ment in 0.5 M H,SO, clarified the influence of the substrate on
the overall electrochemical performance, as the film on Ti sub-
strate exhibited HER activity similar to that of bare Pt. Whereas
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the film on the Pt substrate further improved the performance
as can be seen in Fig. 12(c and d).

6.2.4. Magnetic improvement

Generally, improving electron transfer is one of the main objec-
tives of enhancing the HER activity of electrocatalysts. Until today,
many studies refer to a significant change in the nonmagnetic
ground state of semiconductor TMD nanomaterials, caused by
imperfect structures of TMDCs [276-279]. One of these approaches
is to introduce ferromagnetic properties in 2D MoS, through
nanostructure designing followed by applying an external mag-
netic field on ferromagnetic MoS, to improve the electron transfer
efficiency and trigger the magnetic enhancement of HER.

Zhou et al. designed the ferromagnetic bowl-like MoS, flakes by
using a modified step-by-step CVD method with a tilted substrate
[280]. The magnetic HER enhancement happens when an external
vertical magnetic field is employed over ferromagnetic bowl-like
MoS, flakes and electrons transmit easily from the glassy carbon
electrode to active sites to drive HER. The step-by-step CVD syn-
thesis, schematically shown in Fig. 12(e and f), used a tilted SiO,/
Si substrate, a tube furnace system with S and MoOs as precursors
and high-purity Ar as carrier gas. In Fig. 12(g) magnetization versus
magnetic field (M—H) trends for the bowl-like MoS, flakes and ref-
erence CVD-grown bilayer MoS, flakes on Si substrates measured
at 5 K have been presented. Different from the bilayer MoS, flakes,
the magnetic results here clearly show the evolution of ferromag-
netism for bowl-like MoS, flakes. The ferromagnetically (with
external vertical field) grown bowl-like MoS, delivered the best
HER activity by giving an overpotential of 0.113 V (j = 10 mA cm 2)
and a Tafel slope of 59 mV dec™! in 0.5 M H,SO..
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Fig. 10. TEM image (a) of a MoS,/WTe, with a scale bar of 100 nm at lower magnification. HRTEM image (b) of a MoS,/WTe,; scale bar, 5 nm. The inset of micrograph (b)
indicates the lattice spacing of 0.62 and 0.3 nm, corresponding to the (002) plane of MoS; and (020) plane of WTe,, respectively [261]. Schematic representation (c) of MoS,/
VS, fabrication via a one-pot CVD process. Raman spectrographs (d) of MoS,/ VS;, MoS,, and VS, and their HER performance (e) in 0.5 M H,SO,4 [262]. FE-TEM micrograph (f)
shows a small grain of MoS,/Gr/CC while the magnified view (g) shows d-spacings of MoS; (0.27 nm) and graphene (0.34 nm). Raman spectra of MoS,/Gr/CC (h) with D, G, and
2D peaks, indicating the existence of sp? carbon on the surface. Raman spectra of MoS,/Gr/CC (i) showing the Eg and A;; modes of MoS, [266]. (a and b) Reproduced with
permission from Ref. [261]. Copyright 2019, John Wiley and Sons. (c-e) Reproduced with permission from Ref. [262]. Copyright 2018, Elsevier Ltd. (f-i) Reproduced with
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6.2.5. Doping and morphological engineering of MoS, via CVD

In the recent past, Xu et al. communicated a defect engineering
approach to boost the HER activity of basal planes of 2D MoS, by
inducing Frenkel defects [281]. First MoS, monolayer was depos-
ited via CVD and then annealed in the Ar atmosphere for a short
period of time at 400 °C which causes the spontaneous migration
of Mo atoms from the lattice positions to interstitial locations leav-
ing atomic vacancies behind. Hence, an outstanding charge distri-
bution was introduced due to such Freckle defects that made the
interstitial Mo atoms more prone to optimal H adsorption and
ensure subsequent reduction in the overpotential (164 mV at J of
10 mA cm~2) in 0.5 M H,S0,4 [281].

Doping has been largely studied in MoS,-based electrocatalysts
as the doped MoS; is more stable at operative conditions. Dopants
while acting as defects in MoS, introduce midgap states close to
the Fermi level which alters the spatial homogeneity of electronic
states, thus generating the extra electrocatalytic sites. In the event
of atom replacement, localized electronic states are generated
directly by the heteroatom or by the alteration of the bond length
and bond angle in the lattice. In the case of vacancies, they are gen-
erated by the electronic reorganization of unsaturated bonds
around the vacancy [140]. Importantly, a limited density of
dopants has no relevant effects on the long-range crystalline struc-
ture of the materials.

The substitutional doping of some Mo atoms in MoS, with Pd
may improve electrocatalytic activity for HER [282]. Another
approach involves nonmetal doping, e.g., substituting a sufficient
number of S with Se in MoS; [135,283]. In defective MoS, sulfur
vacancies change electron distribution in the proximity of Mo
atoms, mainly within a fewA radius surrounding the vacancies,
which gives rise to localized midgap states below the minima of
the conduction band [284,285]. Electrocatalytic activity is gener-
ally proportional to the density of active sites and thus to the
defect density. On the other hand, as discussed earlier, defects
can significantly reduce the electrical conductivity which may neg-
atively impact the kinetics and thus the turnover frequency of the
electrochemical reactions. The ideal condition can be obtained by
accurate defects engineering, paying particular attention to the
defect spatial distribution and the main distance. Pak et al. changed
the energy band structure of the MoS, monolayer by employing
the p-doping and n-doping in the MoS, monolayer, for controlling
carrier densities in a MoS, monolayer which led to modifying MoS,
electrochemical performance [286]. Doping the MoS, monolayer
with octadecyltrichlorosilane (ODTS) and (3-aminopropyl)-
triethoxysilane (APTES) to produce p-doping and n-doping sam-
ples, respectively resulted in the raising and/or lowering of the
Fermi levels as demonstrated in Fig. 12(h). The electron-rich
MoS, exhibited a drop in overpotential and Tafel slope in compar-
ison with the MoS, having surface functionals. The overpotential
for APTES-MoS, came out to be 382 mV (j = 10 mA cm2) while
the Tafel slope was calculated at 110 mV dec™! under acidic condi-
tions. Very recently, Son et al. developed a facile way for the doping
of MoS; basal plan with vanadium concentration as high as 16%
due to reactivity enhancement effects of the mixed precursors of
transition metals during the intermediate-reaction-mediated CVD
process [151]. It was observed that a high concentration coales-
cence of atomic vanadium realized the availability of the plentiful
states near MoS, fermi levels which instigate the transformation of
n-type semiconducting characteristics of MoS, to the metallic state
together with optimization of the AGy- of V-MoS, to the near-zero
level. In this way not only did the basal plane got activated but the
electrical conductivity was considerably enhanced. These factors
guarantee the outstanding performance of V-MoS, with an overpo-
tential of 100 mV and a low Tafel slope of 36 mV dec™! where the
remarkably good TOF (14.2 s~!) confirmed the boosting of the
intrinsic activity of MoS; via coalesced doping of vanadium atoms.
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6.3. Chemical and electrochemical etching

Li et al. exploited two approaches for gas phase etching of the
CVD-grown vertically standing MoS, nanoplates to maximize the
usage of electrode area and activation of the electrocatalytically
inert basal plane [287]. As a defect engineering approach for
improving the HER performance of MoS, flakes, the oxygen (O,)
plasma exposure and hydrogen (H,) annealing indicated that H,
etching resulted in an increase in HER performance due to the cre-
ation of efficient active sites and a higher surface area. O, plasma
led to the formation of a less active MoO, phase in the electrocat-
alyst system and negatively impacted the HER activity. H, anneal-
ing as a defect engineering approach demonstrated higher
performance compared to the O, plasma exposure. The H,-
annealed defect-rich MoS; electrocatalysts showed a Tafel slope
of 94 mV dec™! and low onset overpotential of 193 mV (j = 10 m
A cm~2) in 0.5 M H,S04. Another efficient defect-creation method
was developed by Zhang et al. in which electrochemically active
sites in MoS, were increased by combining the chemical etching
with O, plasma pretreatment [288]. In order to etch CVD-grown
monolayer MoS, samples, a low concentration of NaClO solution
was used in which the edges were etched after 5 min. The etching
of CVD-grown MoS, after chemical activation showed etched edges
after 10 min where centers remained unetched, confirming that
the dangling bonds at the MoS, edge are more active. Whereas
for some CVD-grown MoS,, the etching started in the basal plane
rather than the edge.

Active sites can also be generated electrochemically by transfer-
ring the proton and electron to the sulfur atoms in the basal plane
which causes desorption of H,S(g) leaving behind an S-vacancy
[137]. Despite some problems of defect clustering, the density of
electrochemically generated defects can be controlled by acting
on the ramp of applied potential at the electrode. The process
allowed the fabrication of up to ca. 25% defects in the basal plane
of MoS,. Above this value, the conductivity of MoS, is compro-
mised and desorption became difficult. Remarkably, electrochemi-
cal etching can be combined with several electrochemical
lithographic techniques [289], such as parallel local oxidation
[290]. These methods allow spatial control with a resolution of a
few tens of nanometers. A summary of HER activity demonstrated
by different MoS,-based electrocatalysts derived via CVD involving
routes has been presented in Table 2.

6.4. Exfoliation

Typically, there are two main methods for 2D TMDCs, especially
MoS,, the top-down and the bottom-up approaches. Compared
with the top-down method, bottom-up synthesis offers more
opportunities to engineer the structure of MoS, nanomaterials.
However, top-down strategies such as exfoliation, are efficient
ways to obtain nanoscale MoS, with more exposed edges due to
the abundance of bulk MoS, (molybdenite) in nature. Aiming at
the technological exploitation of 2D materials, the development
of approaches to synthesize large-scale and high-quality films is
mandatory and here exfoliation can provide a way to obtain very
clean and crystalline nanosheets of atomic-level thickness [291].
Many studies reported the synthesis of ultrathin crystals but with
limited lateral extension (in the micrometer range) using mechan-
ical and chemical exfoliation, or solution-based chemical
approaches [292]. It can be regarded as the easiest way to obtain
MoS; single crystals due to the weak Van der Waals bonds between
the layers that can be broken during mechanical exfoliation. It was
also the first method to isolate a monolayer of graphite in 2004 by
using scotch tape [293]. However, this method does not have con-
trol over the flakes’ thickness, shape, or size, and also results in low
yield [291]. On the other hand, liquid exfoliation based on mixing
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American Chemical Society (ACS).

and dispersing materials in a solution allows the production of
MoS, flakes with a controllable thickness. To overcome the inferior
quality of typical exfoliation, an intercalation-assisted exfoliation
pathway can be adopted [70]. This can be carried out by reacting
the intercalating agent of cations, i.e., lithium with powdered
MoS,. In this way, a violent reaction takes place between water
and protons carrying solvent followed by a stripping process.
Finally, through ultrasonic extraction high-quality single-layer
MoS, can be achieved. Intercalation can twice increase the lattice
parameter ‘c’ of MoS, by decreasing the Van der Waal forces of
pristine MoS, and hence single layer 1 T phase becomes stable
whereas the substitution of intercalating atoms induces sulfur
vacancies that synergistically improve the HER performance. Wu
et al. analyze the stabilization and HER performance enhancement
of 1 T MoS, due to the adsorption and intercalation of lithium
[294]. In addition to intercalation, the adsorption of lithium uplifts
the HER activity of the derived electrocatalyst. The intercalation of
lithium induces the phase 2H to 1 T phase transformation, which
confirms the electronic conductivity, the lithium adsorption pro-
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motes the HER active edge sites by favorably modifying the
AGy+. However, the traditional lithium intercalation inevitably
requires organolithium agents for instance n-butyllithium (n-
BuLi) and the severe reductive potential of n-BuLi may cause the
decomposition of the LiMoS, precursor to metallic molybdenum
[295,296]. To overcome this limitation, Zhao et al. synthesized
exfoliated monolayers of MoS, through the intercalation of zero-
valent TMs, i.e., cobalt, nickel and copper under mild conditions
that effectively avoided the unwanted material decomposition
during intercalation-assisted exfoliation [295]. The MoS,-based
electrocatalysts developed using exfoliation pathways have been
summarized in Table 3.

6.4.1. Morphological engineering via exfoliation

For promoting more active sites and accelerating electron/ion
transmission in MoS, nanosheets, Li et al. used an efficient and
scalable method consisting of ball-milling in combination with
liquid-phase exfoliation [297]. They used ammonium bicarbonate
as an exfoliation aid to accelerate the delamination and pulveriza-
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tion of bulk MoS, during preparation. Then, the ball-milled MoS,
was further exfoliated by high-speed shear-exfoliation (H-
MoS,NS) to obtain MoS, nanosheet dispersion with high concen-
tration. Most HeMoS,;NS have lateral dimensions less than
150 nm. The H-MoS,NS mixed with multiwalled carbon nanotubes
(MWCNT) could form H-MoS,NS/MWCNT composites with a good
conductive network, which is a prerequisite for suitable an HER
electrocatalyst (Fig. 13a). Because cavitation during sonication only
occurs at specific locations, it is still difficult for applying sonica-
tion in the industrial preparation of MoS, nanosheets. Thus an easy
operating method such as the high-speed dispersion homogenizer
was used to shear-exfoliate the bulk MoS, [298,299]. When bulk
MoS, was shear-exfoliated for 2 h, the concentration of MoS,
nanosheets was as high as 0.64 mg mL' (i.e., H-MoS,NS). About
94% of the H-MoS,NS were below 150 nm in the lateral dimension
as shown in Fig. 13(b). Also, most H-MoS;NS had irregular edges,
which could expose more edge active sites for enhancing the
HER activity. The HRTEM image of the H-MoS,NS in Fig. 13(c)
showed that the interlayer spacing of H-MoS,NS was significantly
enlarged, resulting in discontinuous edge streaks [300]. The best
performance for this method belongs to the H-MoS;NS/MWCNT
composites which contain 56 wt% H-MoS,NS. It had an overpoten-
tial of 284 mV (j = 10 mA cm™2), a Tafel slope of 97 mV dec™!, and
good stability in 0.5 M H,SO,.

6.4.2. Defect inducement and doping during exfoliation

In a different work, Li et al. designed MoS, nano-meshes with
homogeneously dispersed holes and defects to effectively utilize
the 2H-MoS, basal planes through a combination of the ball-
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milling and ultrasonic methods [301]. The obtained electrocatalyst
had a monolayer, porous and defective structure, which maxi-
mized performance for both electrocatalytic and photocatalytic
evolution of hydrogen (Fig. 13d). The HRTEM images of pristine
MoS, and MoS, nano-mesh are given in Fig. 13(e-h). The atomic
arrangement at the basal surface got considerably disturbed after
ball-milling and ultrasonic processes and even short-range order-
ing of nanodomains was not clearly observed. That is because these
clusters and atoms are highly mobile and thermodynamically
prone to form a disordered structure of MoS,. The pristine MoS,
nanosheets have perfect crystals while the MoS, nano-meshes
have a completely disordered atomic arrangement. The disordered
structure makes the MoS, nano-mesh more stable, and there are
more dangling bonds available to provide active sites for higher
HER performance [302]. Li et al. developed MoS, nano-mesh that
possessed homogeneously dispersed holes and defects to activate
2H-MoS, basal planes by benefiting from the combination of
ball-milling and ultrasonic methods. It showed impressive HER
activity (overpotential of 160 mV (j = 10 mA cm™2)) with a low
Tafel slope of 46 mV dec™! in 0.5 M H,S0, [301].

As it is obvious, increasing the electrical conductivity and the
amount of exposed active sites improves the performance of the
electrocatalyst. Wei et al. performed a one-step electrochemical
exfoliation strategy to fabricate 2D Ni-doped MoS, nanosheets
(Ni-EX-MoS,) [303]. The synthetic route for Ni-EX-MoS, is pre-
sented in Fig. 13(i). High-resolution XPS spectra given in Fig. 13
(j) showed two characteristic peaks corresponding to Mo 3ds,
and Mo 3ds; present in the 2H phase of bulk MoS, [304,305]. On
the other hand, Ni-EX-MoS, showed three characteristic peaks of
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Mo®*, Mo 3ds/2, and Mo 3ds),, respectively [305,306]. The reduction
in the binding energy was perhaps because of the shifting of the
Fermi energy level. Extra electrons occupied the d orbitals due to
the partial phase transformation, which was confirmed by the
co-occurrence of 1 T and 2H phases of MoS, heterojunction
[307,308]. It can be concluded that the rapid electrochemical exfo-
liation enables synchronous exfoliation of bulk MoS, and incorpo-
ration of Ni species into Ni-EX-MoS, nanosheets. The stable 1 T/2H
phase MoS, interface and the existence of Ni elements with tuning
the electronic structure as an active center of Ni-EX-MoS,, favored
the HER with a low overpotential of 145 mV (j = 10 mA cm2) as
well as a low Tafel slope of 89 mV dec™! in alkaline medium. Bayat
et al. demonstrated an interesting exfoliation-based methodology
to vertically grow MoS; QDs and nanoflakes (NFs) on a transparent
conducting substrate consisting of fluorine-doped-tin-oxide (FTO)
[309]. It showed a small charge transport resistance of 16 Q and
a Tafel slope of 74 mV dec™!. As well, Liu et al. used a lithium inser-
tion method to exfoliate 1 T MoS, nanosheets from bulk MoS,
powder and combined them with Porous graphene (P-rGO) [310].

Journal of Energy Chemistry 87 (2023) 256-285

The obtained 1 T MoS,/P-rGO displayed an overpotential
of ~130 mV (j = 10 mA cm2) and a Tafel of ~75 mV dec™'. How-
ever, despite several advantages, the exfoliation methods could be
tiresome and laborious because of lengthy procedures, compli-
cated steps and involvement of hazardous and toxic solvents [311].

6.5. Colloidal synthesis

In the previous sections, many bottom-up and top-down
approaches to synthesizing MoS,-based electrocatalysts have been
discussed along with their pros and cons which are also summa-
rized in Table 4. In addition, colloidal synthesis is another impor-
tant bottom-up technique to fabricate MoS, with delicate
precision in morphology, ease in tuning the structure and chem-
istry, doping and atomic substitution, better dispersion and high
purity without requiring high pressures, toxic solvents expensive
equipment and special protocols [313-315]. The liquid-phase col-
loidal method includes several chemical reactions for which a
chemical reactor is important [314]. However, the method is par-

Table 2
HER performance of the electrocatalysts fabricated via CVD.
Sr.  Synthesis Strategy to improve HER  Overpotentials (mV) at Tafel slope (mV Electrolyte Ref.
No Control the dec™)
j=10 mA cm™2
1 Tailoring of the CVD parameters to vertically grow High-porosity edge- 640 90 0.5 M H,SO4 [241]
MoS, platelets exposed MoS, network
2 Metal-organic chemical vapor deposition Vertically standing MoS, 335 94 0.5 M H,S0,4 [242]
(MOCVD) at different temperature nanosheets
3 Salt-templated low-pressure CVD (LPCVD) Growing 3D MoS, 300-355 87-104 0.5 M H,S0,4 [254]
nanosheets salt
templates
4 Double-walled quartz tubes and a cuboid box Large-area highly _ 76 0.5 M H,S04 [255]
substrate with APCVD branched MoS, dendrites
5 Defect engineering via post-CVD annealing in Ar Frenkel-defected 164 36 0.5 M H,SO4 [281]
monolayer MoS,
6 Chemical etching in conjunction with O,- plasma Morphology 340 (at 0.5 mA cm2) 138 0.5 M H,SO4 [288]
pretreatment alteration
7 H,- annealing as a defect engineering approach Introducing vacancy 193 93 0.5 M H,SO4 [287]
defects
8 Doping the MoS, monolayer with n-doped MoS; monolayer 382 110 0.5 M H,S04 [286]
Octadecyltrichlorosilane (ODTS) and (3-
aminopropyl)-triethoxysilane (APTES) to have p-
doping and n-doping samples, respectively
9 Use of mixed precursors of transition metals the high doping 100 36 0.5 M H,SO4 [151]
during the intermediate-reaction-mediated CVD concentration of V above
16%
10  Sulfurize drop-coated CoCl,/MoCls substrates Co-doped MoS; 185 65 0.5 M H,S0,4 [268]
nanosheet arrays
11  Two-step low-pressure CVD (LPCVD) 3D heterostructures of 142 35.6 0.5 M H,SO4 [259]
MoS,/Mo0O; nanosheets
12 CVD with a dual-temperature-zone system MoS,/graphene 185 45 0.5 M H,SO4 [260]
heterostructures
13 Applying mechanically exfoliated WTe, Heterostructures of 140 40 0.5 M H,S04 [261]
monolayer was on top of the CVD-grown MoS, MoS,/WTe,
monolayer.
14  Growth in a single CVD process Heterostructures of MoS, 199.6 95 0.5 M H,S04 [262]
micro flowers/VS,
15 1. nickel electrodeposition on carbon cloth (CC). 2. Heterostructures of 91 48 0.5 M H,SO4 [266]
thermal CVD growth of graphene. 3. two-zone MoS,/Gr/CC
CVD furnace for MoS,.
16  Synthesis in a single CVD process Heterostructures ofMoS, 150 144 0.5 M H,SO4 [267]
(1x5€2« ternary alloy with
carbon nanofibers (CNFs)
17  One-step CVD synthesis of NbS,/MoS,-CNF Growing nanosheets of 227 in 0.5 M HClIO4, 207 29.5in 0.5 M 0.5 M HCIO4 (pH ~ 0), [269]
heterostructure NbS,/MoS, vertically on in 0.5 M Na,SO4 and 334 HClO4 28 in 0.5 M 0.5 M Na,SO4
CNFs in 0.5 M KOH (at 50 mA Na,SOsand 33in  (pH ~ 7) and 0.5 M
cm™2) 0.5 M KOH KOH (pH ~ 14)
18 Applying an external vertical magnetic field on Making imperfect 113 59 0.5 M H,SO4 [280]
CVD-grown MoS, flakes structures and
introducing
ferromagnetic properties
into 2D MoS,
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Table 3
HER performance of the electrocatalysts produced through the exfoliation method.
Sr. Synthesis Strategy to improve HER Overpotentials Tafel slope (mV  Electrolyte Ref.
No,  control (mV) at dec™!)
j=10 mA cm2
1 Combining ball-milling and liquid-phase exfoliation Changing morphology to MoS; 284 97 05 M [297]
nanosheets H,S04
2 Ball-milling with ultrasonic methods Introducing defect 160 46 05 M [301]
H,S0,4
3 one-step electrochemical exfoliation strategy 2D Ni-doped MoS; nanosheets (Ni-EX- 145 89 1 M KOH [303]
MoS,)
4 Exfoliation and binder-free deposition on fluorine- vertical deposition of MoS, QDs/NFs 250 74 05 M [309]
doped tin oxide (FTO) H,S04
5 Applying pulsed laser irradiation in liquid to perform Production of S vacancies and 2H-to-1T 180 54 05 M [312]
single-step exfoliation phase transition H,S04
6 Lithium insertion method to exfoliate 1 T MoS, Combining 1 T MoS; nanosheets with 130 mV 75 05 M [310]
nanosheets method porous rGO H,S04
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Table 4

summarizes the advantages and challenges of major fabrication techniques traditionally used for MoS; electrocatalysts.
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Synthesis
techniques

Advantages

Challenges

Hydrothermal
Synthesis
CVvD

Exfoliation

Cost-effectiveness, simple experimental setups, easy to perform,
provide a high quality of dispersion and reaction optimization
Grow atomically thin MoS,, compatibility with industrial setups,
optimum purity, better reproducibility

Low cost, easier to break the van der Waal forces

Inferior reproducibility, longer reaction times, lower crystallinity, and lesser

uniformity

Requires precursor designing and substrate engineering, toxic reactive gases
gas, optimization of synthesis parameters, flammable vapors

Long procedures, difficult to control thickness, lower yield, sometimes
hazardous solvents, reproducibility issue
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Fig. 14. Conceptual illustration of the colloidal synthesis of monolayer MoS, nanosheets (a) where the average lateral size is decided by the molybdenum to sulfur ratio while
the number of MoS, layers was controlled by the multi-injection method [316]. TEM micrographs of as-developed MoS, taken at lower (b) and higher (c) magnifications
whereas the HRTEM image (d) of monolayers of 1 T phase of MoS, nano-monolayer clearly shows the zigzag chains of molybdenum atoms as specified with purple balls.
Polarization curves of the TMDCs synthesized via colloidal synthesis (e) indicate the best performance of MoS, [317]. (a) Reproduced with permission from Ref. [316].
Copyright 2016, Royal Society of Chemistry (RSC). (b-e) Reproduced with permission from Ref. [317]. Copyright 2022. American Chemical Society (ACS).
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ticularly popular for the synthesis of QDs and NCs of semiconduct-
ing inorganic materials. Zhou et al. attempted to extend the spec-
trum of the colloidal synthesis and produced single and multi-
layer MoS, with exclusive control over their anisotropic growth
[316]. The adopted colloidal synthesis with a hot-injection method
is schematically illustrated in Fig. 14(a). The lateral size of the
achieved monolayers of MoS, can be varied from 8 to 25 nm just
by changing the ratio of sulfur and molybdenum precursors
whereas the multi-junction method helps in controlling the num-
ber of MoS, layers in odd numbers as 1, 3 and 5 layers. The ultra-
thin and small-sized 2D MoS, especially in the monolayer configu-
ration showed remarkably good HER activity and durability with a
minimal overpotential of 100 mV and Tafel slope of 52 mV dec'.
Recently, Liu and co-researchers applied a colloidal synthesis
approach to produce monolayer and highly pure 1 T phase TMDCs,
importantly MoS, with very good yield [317]. The TEM micro-
graphs presented in Fig. 14(b) revealed properly defined single lay-
ers of 1 T phase of MoS, whereas the side wide given in Fig. 14(c)
specifies the good crystallinity of obtained MoS, with a uniform
thickness of ca. 0.65 nm; however, the average size of the formed
nanosheets was nearly 7.2 nm. Moreover, the HRTEM analysis
(Fig. 14d) of the monolayer evidently confirmed the single crystal
growth and zigzag atomic chains of molybdenum which is a partic-
ular feature of 1 T distorted phase. Such remarkable features of the
obtained MoS,; realized the best HER performance compared to
other TMDCs in 0.5 M H,SO,4 as can be appreciated in Fig. 14(e).
The overpotential at 10 mA cm~2 was calculated to be 149 mV with
a Tafel 42 mV dec™! and exhibited very good operational durabil-
ity. Such an amazing HER activity was originated from the edge-
rich and highly strained nano-engineered structure of 1 T MoS,
whose basal planes were extraordinarily active. Maiti et al. synthe-
sized Cu,_,S—MoS; hybrid for HER application using a single-pot
colloidal approach and the obtained material consisted of octahe-
dral Cu,,S cores embedded in the 1-2 layers cages of MoS,
[318]. The developed Cu,_,S—MoS, hybrid outperformed the
MoS, and Cu,S with a relatively lower overpotential of 340 mV
in 0.5 M H,SO,4. The in-depth analysis and theoretical calculation
provide insights into the origin of enhanced HER activity. It was
elucidated that mobile copper atoms aid the transformation to sta-
bility of 1 T phase of MoS, while the MoS, layers promote the elec-
tronic rearrangement that finally enhances the electrocatalytic
activity of sulfur atoms located in the basal plane.

7. Conclusions

2D layered MoS, owing to its cost-effectiveness and efficient
electrocatalytic activity with AGy- is emerging as a reliable candi-
date to replace expensive and scarce PGMs. In MoS, electrocatalyt-
ically active sites can exist along the exposed edges, grain
boundaries, defects and discontinuities, heterojunctions and so
on. However, in bulk form, it shows negligible activity due to low
conductance and less availability of reaction sites. Moreover, the
stable 2H phase is a semiconductor in nature with very high resis-
tance for charge carrier mobility and inactive basal plan whereas
the highly efficient metallic 1 T phase of MoS, is metastable and
might undergo underside transformation over time. The major
issues limiting the mass-scale deployment of MoS, as PGM-free
electrocatalysts for HER are related to lower electronic conductiv-
ity, inactive basal plane, limited edges sites, unexposed active site
structures and instability of 1 T phase. Nevertheless, such problems
can be effectively dealt by modulating the electronic structure,
engineering the edges, activating the basal plane, defect induce-
ment, controlling phase transformation, heteroatomic doping,
downsizing, forming heterostructures and developing nanocom-
posites through target-oriented fabrication strategies. In the given
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pursuit, major attention should be given to enhancing conductiv-
ity, arriving at near-benchmark electrocatalytic activity and opera-
tional durability. The presented review provides a thorough
understanding of structural parameters, nature and engineering
of the active site, stability and performance metrics for MoS, and
primarily focuses on the fabrication techniques used so far to uplift
the performance of derived electrocatalysts, i.e., hydrothermal syn-
thesis, CVD, exfoliation, plasma treatment, colloidal synthesis etc.
It is quite evident from the literature that a suitable experimental
design can assure the development of definitive site structures that
can directly influence performance.

Despite the highly acknowledgeable scientific endeavors
invested over the last few decades to rationalize the employment
of MoS, as a PGM-free electrocatalyst for efficient HER still, several
challenges are to be addressed and therefore, the prospective
developments can target the following aims: (1) no doubt CVD,
hydrothermal and exfoliation-based synthesis can provide ultra-
thin MoS,-based electrocatalysts the commercial-scale production
of MosS,; is still very far and therefore, the methods have to be ele-
vated up to industrial-levels without affecting the material’s qual-
ity. (2) Presently, scientific developments are more focused on
improving the HER performance by engineering the structural
parameters; however, fundamental knowledge about the reaction
mechanism and its corresponding relationship with the structure
and composition of MoS, active sites is still ambiguous so the in-
situ analysis to figure out the role of site structures could be
another important research hotspot. (3) Regarding the catalytic
mechanism, the activation of the MoS, basal plane has been
recently proposed to achieve high electrocatalytic activity, which
is different from the common understanding in which the catalytic
behaviors only appear at the edge of the MoS, therefore, in-depth
investigation is required to resolve this discrepancy. (4) The activ-
ity and stability of 1 T MoS, over the whole pH window need to be
elucidated. (5) As underlined in the stability section, Mo and MoS,
are stable in a smaller potential window and a slow but constant
dissolution can probably occur in alkaline electrolytes affecting
negatively the durability required for large-scale AWEs or
AEMWEs. In fact, it is not the case that when these materials are
tested in alkaline electrolyte, durability tests or accelerated stress
tests are missing and information on dissolution or post-mortem/
end-of-life analysis are always absent.
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