:' frontiers | Frontiers in Chemistry

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Shijie Li,

Zhejiang Ocean University, China
REVIEWED BY

Feilong Gong,

Zhengzhou University of Light Industry,
China

Sheng Ye,

Anhui Agricultural University, China
Javier Quilez-Bermejo,

Université de Lorraine, France

*CORRESPONDENCE
Jing Cao,
caojing@hnist.edu.cn
Cen Zhang,
cenzhang@hnist.edu.cn

SPECIALTY SECTION

This article was submitted to
Nanoscience,

a section of the journal
Frontiers in Chemistry

RECEIVED 22 July 2022
ACCEPTED 20 September 2022
PUBLISHED 07 October 2022

CITATION

Zhang Y, Wang L, Chen Q, Cao J and
Zhang C (2022), Recent progress of
electrochemical hydrogen evolution
over 1T-MoS; catalysts.

Front. Chem. 10:1000406.

doi: 10.3389/fchem.2022.1000406

COPYRIGHT

© 2022 Zhang, Wang, Chen, Cao and
Zhang. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Chemistry

TYPE Mini Review
pUBLISHED 07 October 2022
pol 10.3389/fchem.2022.1000406

Recent progress of
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Yueyang, Hunan, China

Developing efficient and stable non-noble metal catalysts for the
electrocatalytic hydrogen evolution reaction (HER) is of great significance.
MoS, has become a promising alternative to replace Pt-based
electrocatalysts due to its unique layered structure and adjustable electronic
property. However, most of the reported 2H-MoS, materials are stable, but the
catalytic activity is not very ideal. Therefore, a series of strategies such as phase
modulation, element doping, defect engineering, and composite modification
have been developed to improve the catalytic performance of MoS, in the HER.
Among them, phase engineering of 2H-MoS; to 1T-MoS, is considered to be
the most effective strategy for regulating electronic properties and increasing
active sites. Hence, in this mini-review, the common phase modulation
strategies, characterization methods, and application of 1T-MoS, in the HER
were systematically summarized. In addition, some challenges and future
directions are also proposed for the design of efficient and stable 1T-MoS,
HER catalysts. We hope this mini-review will be helpful to researchers currently
working in or about to enter the field.
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Introduction

Hydrogen (H,) is considered a promising renewable energy source because of
high energy density and zero pollution (Lee et al., 2021; Zhang L. et al., 2022).
Nowadays, H, is produced on an industrial scale through methane reforming or coal
gasification, which inevitably releases a large amount of greenhouse gases (Li et al.,
2022a; Li et al., 2022b; Yang et al., 2022). By contrast, the electrochemical hydrogen
evolution reaction (HER) from water-splitting is more environmentally friendly
because the electricity could be derived from solar energy or wind power (Xiang
etal.,2021; Yeetal, 2021; Gongetal,, 2022). As the best catalyst for the HER, the high
price and low reserves of platinum (Pt) make it unable to meet the needs of
industrialization. Hence, developing non-noble metals with abundant reserves and
low prices to efficiently catalyze the HER is still challenging.

As a typical two-dimensional material, MoS, showed great potential to replace Pt
theoretically and experimentally (Cao et al., 2021b; Gong et al., 2021; Li X.-Y. et al., 2022).
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FIGURE 1

Schematic summary of phase modulation, characterization techniques, and HER application of 1T-MoS.

The monolayer of MoS, is connected by the S-Mo-S covalent
bond, where different arrangements of Mo and S layers will result
in the formation of different crystal phases, such as 1T, 2H, and
3R. For catalysis, 2H-MoS, and 1T-MoS, are most used and
compared (Gong et al., 2020; Li et al., 2021; Zhang et al., 2022a).
The 2H phase possesses triangular prism coordination with
semiconducting properties and is thermodynamically stable.
However, the 1T phase possesses octahedral coordination and
is a metastable phase with metallic properties (Tang and Jiang,
2015). Due to the different the
physicochemical properties of 1T and 2H phases show great

crystal  structures,
differences. The electronic conductivity of metallic 1T-MoS, is
about five orders of magnitude higher than that of 2H-MoS,. In
addition, it has active centers on both the basal and edge planes,
while 2H-MoS, only exhibits catalytic activity on the edge planes
(Tang and Jiang, 2016). In the past decades, most of the reported
MoS; electrocatalysts are 2H-MoS, due to the thermodynamic
instability of the 1T phase. Hence, phase modulation from 2H to
1T has been achieved by lateral translation of the S plane and
changing the filling state of Mo 3d orbitals. Although a series of
regulation strategies have been developed in recent years, there
are few systematic reviews on the targeted synthesis and HER
application of 1T-MoS,. Therefore, we have summarized some
common preparation methods, necessary characterization
techniques of 1T-MoS,, and its application in the HER
(Figure 1). Finally, the challenges for targeted synthesis and
rational design of advanced 1T-MoS, electrocatalysts are also
proposed.
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Characterization techniques for 1T-MoS,

Usually, the 1T phase and 2H phase coexist in the as-
synthesized MoS, materials. Therefore, it is necessary to
analyze the 1T phase qualitatively and quantitatively, which
plays the
structure-performance relationship and developing high-

an  important  role  for  studying
performance MoS,-based electrocatalysts. Due to the huge
structure difference between 1T-MoS, and 2H-MoS,, the
characterization of 1T-MoS, could be conducted by X-ray
diffraction (XRD),

photoelectron

Raman spectroscopy (Raman),
(XPS),

transmission electron microscopy (HRTEM),

X-ray
spectroscopy high-resolution
and X-ray
absorption spectroscopy (XAS).

XRD is frequently utilized to reflect the lattice parameter
changes caused by the phase transition from 2H-MoS, to 1T-
MoS,. 1T-MoS, obtained by phase transition through guest
molecule intercalation will increase the interlayer spacing,
which is accompanied by a peak downshift at 20 = 14°
corresponding to the (002) crystal planes of 2H-MoS,.
According to the literature reports, the diffraction peak of 1T-
MoS, obtained by NH; (Liu et al., 2015; Zhang et al., 2022a) and
Na*(Wang X. et al., 2014) intercalation shifted from 14° to 9.4°
and 12.4°, respectively. This result indicates that the magnitude
of the peak shift depends on the size of intercalated molecules or
ions. However, it is difficult to observe the characteristic
diffraction peak of single- or few-layer 1T-MoS, obtained by
exfoliation due to the weak crystallinity (Tong et al, 2017).
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In addition, only the diffraction peaks of 2H-MoS, could be
detected when the 1T phase content in 2H/1T-MoS, is low, and
the existence of the 1T phase needs to be further determined by
Raman or XPS (Cao et al., 2022).

Raman spectroscopy is a simple and effective technique to
determine the existence of 1T-MoS,. Typically, 2H-MoS, shows
two characteristic bands of E5; and A, at 383 and 408 cm™,
respectively (Zhang et al., 2021). However, a set of new bands at
152, 226, and 330 cm™' appeared with the presence of the 1T
phase (Liu Z. et al., 2017). In addition, it is difficult to observe
these characteristic peaks sometimes with the low proportion of
the 1T phase in the 1T/2H-MoS, composite, which requires
further verification by XPS (Pradhan and Sharma, 2019).
Meanwhile, it should be emphasized that the laser power of
the Raman test is usually less than 0.1 mW because high laser
power could destroy the structure of MoS, and even burn the
sample.

XPS is the only characterization method which could
quantitatively analyze the content of the 1T phase. It has been
the preferred analysis method for researchers because of its
simple operation. According to previous studies, MoS, exists
as a 2H phase with semiconductor properties when the Mo 3d
orbitals are fully filled. When the electrons are partially filled,
MoS; is a 1T phase with metallic properties (Voiry et al., 2015).
Generally, the binding energies of Mo** 3ds/, and Mo** 3d;/, in
1T-MoS, are 231.5 and 228.3 eV, respectively, which are 0.9 eV
lower than those of 2H-MoS, (232.4 and 229.2 V) due to fewer
electrons being filled (Wang et al., 2017; Cao et al., 2021a; Zhang
etal,, 2022b). Additionally, the 1T/2H phase proportion could be
easily obtained by peak fitting in the Mo 3d region.

The atomic arrangement of MoS, could be directly observed
by HRTEM to distinguish the crystal phase. As a layered
compound, the structure difference between 1T-MoS, and
2H-MoS, can be visualized from the top view ([001] plane)
and the side view ([100] plane). From the enlarged image on the
basal plane, 1T-MoS, displays a typical triangular configuration
with octahedral coordination, while 2H-MoS, exhibits a
honeycomb configuration with trigonal prism coordination
(Sun et al, 2018). By observing from the edge plane, the
S-Mo-S of 1T-MoS,
configuration, while 2H-MoS, exhibits a diagonal line pattern

coordination shows a chevron
(Enyashin et al., 2011). Since it is difficult for operators to select a
side view, most literature works adopt the atomic structure of the
basal plane to confirm the existence of the 1T phase.

XAS is a newly developed technique for analyzing the
structure and phase of MoS,. The phase change between 1T
and 2H is detected by observing the signal vibration caused by
scattering of incident photoelectrons between two surrounding
atoms. Furthermore, the bond length of MoS, could be
determined by Fourier transform of the obtained Mo K-edge
spectra (Yang et al., 2017). Deng et al. found that the bond length
and peak strength of Mo-Mo and Mo-S bonds in 1T-MoS, were
smaller than those in 2H-MoS, (Deng et al., 2019). However,
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characterization and data analysis of XAS require a high cost and
rich experience, which makes it a limited technique utilized by

researchers.

Phase modulation strategies of 1T-MoS,

Generally, 1T-MoS, does not exist in nature because of its
metastable property. At present, the synthesis strategy in the
laboratory is to convert 2H-MoS, into 1T-MoS, through phase
modulation. So far, some strategies such as ion intercalation,
doping, strain regulation, gas treatment, and plasma
bombardment have been reported to realize the targeted phase
transition successfully.

Since the adjacent layers of MoS, were connected by the weak
van der Waals force so that alkali metals (Li, Na, and K), small
inorganic molecules (NH;, H,O (Geng et al.,, 2017), and RGO
(Mahmood et al., 2016)), and organic molecules (alcohol or
organic acid) could be inserted into the interlayers easily.
During the intercalation process, the electrons of guest species
are transferred to the Mo3d orbitals to change the filling state,
which results in partial conversion of the originally stable 2H
phase into the 1T phase. In addition, the intercalated molecules
will be positively charged. Chemical lithium intercalation is the
most common and mature intercalation method to obtain 1T-
MoS, (Lukowski et al., 2013; Tan et al., 2018; Xu et al., 2019).
Typically, bulk MoS, powders are immersed into an excess
n-butyllithium solution for 6-72h at room temperature in a
glove box. With the assistance of ultrasonication, single- or few-
layer 1T-MoS, nanosheets are obtained. The 1T phase content in
the exfoliated MoS, products is affected by lithium time, solvent,
and temperature, and a highest content of the 70% 1T phase
could be obtained (Zheng et al., 2014). In a similar procedure,
Na'(Gao et al., 2015) and K*(Zhang et al.,, 2016) could also be
intercalated into the interlayer space, thus inducing 2H to 1T
phase transition. In order to further increase the 1T content, a
(LAAL)

developed to greatly enhance the intensity of the lithium

liquid-ammonia-assisted  lithiation method was
process, resulting in monolayer porous MoS, nanosheets with
a 1T content of about 81% (Yin et al., 2016). Considering the
disadvantages such as high risk and uncontrollable insertion
degree for alkali metal chemical intercalation, electrochemical
intercalation has been extensively explored recently. The biggest
difference between these two methods is that the driving force of
electrochemical intercalation is much larger, thus exhibiting
better controllability and higher efficiency (Wang X. et al,
2014; Chen et al., 2018). For example, Chen et al. prepared
monolayer MoS, quantum dots with size of 3-5 nm and 1T phase
content of 92-97% by a quasi-full electrochemical process, which
was achieved by a greatly increased Li intercalation content
(Chen et al., 2018).

Small inorganic molecules such as NH; are also an
appropriate intercalation candidate to trigger phase transition.
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Usually, if excessive precursors containing -NH, such as thiourea
(Zhang et al., 2022a), thioacetamide (Liu Q. et al., 2017), urea
(Sun et al., 2018), or ammonium bicarbonate (Wang et al., 2017)
are added in the hydrothermal/solvothermal synthesis of MoS,,
some NH; molecules generated by hydrolysis could be easily
inserted into the interlayer to obtain 1T-MoS,. Meanwhile, it
should be noted that the hydrothermal temperature needs to be
lower than 200 °C because the 1T phase is unstable at high
temperatures. As an example, Sun et al. synthesized MoS,
nanosheets with a 1T phase fraction of 16.4%-90.2% by
introducing different amounts of urea in the hydrothermal
system (Sun et al, 2018). Liu et al. prepared a 1T-MoS,/
single-walled carbon nanotube by adding excess thioacetamide
to provide intercalated NH,*, which obtained the 1T phase
content of around 60% (Liu Q. et al, 2017). However,
according to a recent report, metallic 1T-MoS, obtained by
NH," to 2H-MoS,
spontaneously after exposing in air for 15 days. Thus, the

was unstable and

changed back

authors developed a two-step solvothermal strategy which

adopted organic solvents such as methanol, ethanol,

isopropanol, or butanol to treat NH,"-intercalated 1T-MoS,
the C,Hs;OH-intercalated 1T-MoS,
preserved the 1T structure well after being stored in air for

again. Interestingly,
360 days, where the superior stability was attributed to the strong
interaction between ethanol and the MoS, surface (Li et al.,
2020). In addition, ascorbic acid (AA) has also been reported as
an excellent intercalation molecule to synthesize high stable 1T-
MoS; via a one-step hydrothermal method (Wang et al., 2022).

Doping heteroatoms into the lattice of 2H-MoS, is
considered an efficient way to modulate local electronic
properties and induce 2H-to 1T transformation. The doped
elements can be metals (Re, Co, Ru, Cu, Pd (Luo et al., 2018),
Fe (Zhao et al., 2017), and Ni (Wang et al., 2022)) or non-metals
(N and P), and it must be incorporated uniformly at the atomic
scale. The doping technique can adopt a one-step method or
post-treatment modification method. Considering Re has a close
atomic radius of Mo and ReS, has a similar structure as distorted
1T-MoS,, Xia et al. synthesized Re-doped 1T/2H-MoS,
nanosheets through a hydrothermal and anneal process (Xia
et al, 2018). Ji et al. utilized a one-pot solvothermal strategy to
prepare single-atom Cu-doped MoS, nanoflowers with a large
fraction of the 1T phase. In the solvothermal procedure, the Cu
precursor reacted with MoS; and donated electrons to MoS,, thus
inducing and stabilizing the 1T phase (Ji et al., 2019). Similarly,
Co-doped MoS, nanosheets with a dominant metallic 1T phase
were synthesized by doping Co*" into the basal planes and S-edge
planes (Nethravathi et al., 2017). Atomic Ru was incorporated
into MoS, nanosheets (SA-Ru-MoS,) using a simple one-step
impregnation method, where Ru substituted lattice Mo atoms
and triggered local phase transition (Zhang et al., 2019). Non-
metal elements such as nitrogen or phosphorus were also
frequently doped into MoS, to modulate phase transition.
Wang et al. embedded P into the lattice of 2H-MoS, by a
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simple one-pot annealing method to induce partial phase
transition and obtained ultra-stable in-plane 1T-2H/MoS,
heterostructures (Wang et al, 2018). Deng et al. prepared
N-doped and PO,*-intercalated MoS, arrays by annealing
with NaH,PO, in NH; atmosphere (Deng et al., 2019). Both
the N doping and PO, intercalation contributed to the
formation of the 1T phase and acted synergistically, which
induced about 41% of the 2H phase to 1T phase.

Recently, a strain regulation strategy has been developed to
tune the electronic structure and realize the phase modulation of
MoS,. Chi et al. reported that 2H to 1T phase transition occurred
at an extremely high physical pressure (> 20 GPa) through layer
sliding, which was evidenced by Raman spectra and XRD
patterns (Chi et al, 2014). Similarly, chemical compressive
force caused by bending also can result in gliding of the S
plane and phase transition. Hwang et al. adopted N-(2-
self-
assembling material to roll up the exfoliated 2H-MoS,
nanosheets, which obtained 1T@2H nanoscrolls with a 1T
phase content of 58% and high stability after heated at 200 C
(Hwang et al., 2017).

Sulfur vacancies (Vs) produced by gas treatment or plasma

aminoethyl)-3a-hydroxy-5p-cholan-24-amide as a

bombardment could play the role of electron donors to trigger
local phase transition. Yang et al. used Ar and O, to treat
monolayer MoS,, which leads to partial formation of the 1T
phase by modulating defect configuration (Yang et al., 2016).
Meanwhile, it should be pointed out that Vs were formed within
the basal plane and at the edge planes by Ar and O, treatment,
respectively, and the 1T phase percentage was higher for O,-
treated samples due to a stronger phase-driven force. Zhu et al.
reported a facile and controllable Ar bombardment technique to
produce single Vs and induce phase transition on monolayer 2H-
MoS, (Zhu et al, 2017). Ar-plasma treatment can effectively
trigger the lateral sliding of the top S layer, thus obtaining 1T@
2H-MoS, mosaic structures with a 1T fraction of up to 40%.
Although controllable and scalable, these two methods need
further improvement because the 1T content in products is
usually lower than 50%, which probably resulted from the
limited sulfur vacancies formed in the lattice.

HER performance of 1T-MoS, catalysts

As a promising catalyst in the field of electrochemical
hydrogen evolution, 1T-MoS, has attracted much attention in
recent years. Wang et al. prepared 1T/2H-MoS, through NH,"-
intercalation, which showed an excellent HER performance with
alow overpotential of 234 mV at a current density of 10 mA/cm?
(n10) and a small Tafel slope of 46 mV dec™ due to the enhanced
conductivity and activated basal planes (Wang et al., 2017). As a
comparison, the 2H-MoS, had a much higher n; of 309 mV and
a larger Tafel slope of 89 mV dec™'. Lukowski et al. reported a
greatly improved HER activity of metallic 1T-MoS, nanosheets
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TABLE 1 HER performance of 1T-MoS, catalysts in the reported literature.

10.3389/fchem.2022.1000406

Catalyst Phase 1T Substrate Electrolyte 1o Tafel Stability  Ref
modulation content (mV) slope
method (%) (mV
dec™)
1T/2H-MoS, NH,"-intercalation 61.5 — 0.5M H,SO, 234 46 1000 cycles Wang et al. (2017)
1T-MoS, nanosheets Li*-intercalation — — 0.5M H,SO, 187 43 9h Lukowski et al.
(2013)
Porous 1T-MoS, Li*-intercalation 82 — 0.5M H,SO, 153 43 1000 cycles Yin et al. (2016)
1T/2H-MoS,-HN NH,"-intercalation 65 — 0.5M H,SO, 156 47.9 1000 cycles Wang et al. (2019)
1T-MoS, quantum dots Electrochemical Li*- 94 CFP* 0.5M H,SO, 92 44 10000 cycles  Chen et al. (2018)
intercalation
Ni-1T-MoS, AA-intercalation — — 1.0 M KOH 199 52.7 — Wang et al. (2022)
Pd-MosS, Pd doping — — 0.5 M H,SO, 78 62 5,000 cycles  Luo et al. (2018)
SA Co-D 1T-MoS$, Co doping — — 0.5 M H,SO, 42 32 10000 cycles Qi et al. (2019)
Cu@Mo$, Cu doping — — 0.5 M H,S0, 131 51 25000 s Ji et al. (2019)
(N, PO,*)-MoS,/VG N doping plus PO,* 41 Graphene 0.5M H,80, 85 42 10h Deng et al. (2019)
intercalation
Fe-MoS, nanoflower Fe doping 66 — 0.5M H,SO, 136 82 1000 cycles Zhao et al. (2017)
In-plane 1T/2H-MoS, P doping — — 1.0 M KOH 320° 65 1000 cycles ~ Wang et al. (2018)
3D MoS,/candle soot/Ni  Ar bombardment — Ni foam 1.0 M KOH 56 49 46 h Gao et al. (2020b)
foam
1T-MoS,/SWNT NH,"-intercalation 60 SWNT 0.5 M H,SO, 108 36 3,000 cycles  Liu et al. (2017a)
Li-MoS,/CFP Electrochemical Li*- — CFP 0.5 M H,SO, 118 62 7000 cycles Wang et al. (2014a)
intercalation
1T-2H/RGO NH,"-intercalation 50 RGO 0.5M H,SO, 126 35 1000 cycles Cai et al. (2017)
C + MoS,@GR-10W Carbon doping 60 Graphene 1.0 M KOH 40 46 30h Gao et al. (2020a)
SA-Ru-MoS, Ru doping — — 1.0 M KOH 76 21 — Zhang et al. (2019)
1T-MoS,/ NH,*-intercalation — — 1.0 M KOH 73 75 5,000 cycles  Zhang and Liang,

Ni*05(OH),.s

“CFP: carbon fiber paper.
bnzoz current density of 20 mA/cm?®

with an;o of 187 mV and a Tafel slope of 43 mV dec™" (2H-MoS,
with a ;o of 320 mV and a Tafel slope of 110 mV dec™") prepared
by chemical lithium intercalation, which was attributed to the fast
electrode kinetics and proliferated density of catalytic active sites
(Lukowski et al., 2013). Furthermore, porous MoS, nanosheets
with a dominant phase of 1T and a large number of edges and
sulfur vacancies prepared by a facile LAAL strategy exhibited the
best HER activity (a 1,0 of 153 mV and a Tafel slope of 43 mV
dec™) until now for the bare MoS, catalysts (Yin et al., 2016).

Elemental doping is an effective route to regulate the d-band
structure and hydrogen adsorption free energy (AGg), thus
further improving the HER activity of 1T-MoS,. Recently, the
inert basal plane of 2H-MoS, was activated by atomic Pd doping
through a spontaneous interfacial redox method. Structural
characterization revealed that Pd substituted the Mo sites and
produced sulfur vacancies at the same time, thus converting the
partial 2H phase into the stabilized 1T phase (Luo et al., 2018).
Theoretical calculation results indicated a AGy of -0.02 eV at the
sulfur sites of neighboring Pd atoms, which is highly active for the
HER. Finally, an optimized Pd-MoS, catalyst with 1.0 wt% Pd
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doping had a small n;o of 78 mV and an excellent stability after
5,000 cycles, which is much better than that of pristine 2H-MoS,
with a ;o of 328 mV and a Tafel slope of 157 mV dec™. Qi et al.
reported a single-atom Co doped distorted 1T-MoS, nanosheet
(SA Co-D 1T-MoS,) which demonstrated the lowest 1y, of only
42 mV in all the reported MoS, catalysts (Qi et al., 2019). The
extraordinary HER activity was assigned to the ensemble effect of
Co and S, which facilitated the hydrogen adsorption at the
interface with AGy of 0.03 eV. Atomic Cu-doped 1T-MoS,
(Cu@MoS,) also showed promising HER performance with a
10 of 131 mV and a small Tafel slope of 51 mV dec™. Structural
characterization and theoretical analysis demonstrated that
single-atom Cu doping not only stabilized the 1T phase but
also facilitated the charge transfer (Ji et al., 2019). Deng et al.
synthesized a novel N-doped and PO,’-intercalated 1T/2H-
MoS; array ((N, PO,*)-MoS,/VG), which displayed a superior
HER activity with a small n;o and Tafel slope of 85mV and
42mV dec”, respectively (MoS,/VG with n;o of 187 mV and
Tafel slope of 120 mV dec™) (Deng et al., 2019). The outstanding
HER performance was ascribed to the synergistic effect of N
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doping and PO,* intercalation, which decreased the band gap
and lowered the d-band center and AGy,.

Integrating 1T-MoS, with conductive substrates such as carbon
materials could not only stabilize the 1T phase but also increase the
amount of exposed active sites to enhance the HER performance.
For example, NH, -intercalated 1T-MoS, nanosheets grown on
flexible  single-walled (1T-MoS,/SWNT)
exhibited a 1 as low as 108 mV and negligible activity loss after
3,000 cycles (Liu Q. et al., 2017). Electron donation from SWNT to
1T-MoS,; at the interface was beneficial for stabilizing the 1T phase
and weakening the hydrogen adsorption energy. In addition, the

carbon nanotubes

ultra-small size of 1T-MoS, nanopatches endowed a high density of
active edges and basal planes. Wang et al. first constructed MoS,
nanoparticles on a three-dimensional carbon fiber paper to expose
more edge sites and then conducted Li electrochemical intercalation
to induce 1T phase formation and improve the electrical
conductivity (Li-MoS,/CFP). Consequently, an ultrahigh HER
activity with a 1y of 118 mV and a Tafel slope of 62 mV dec™
was achieved (Wang H. et al,, 2014). Similarly, reduced graphene
oxide (RGO) was utilized as a template to grow 1T-MoS,
nanosheets, which donated electrons and promoted the 1T
content from 15% to 50% (Cai et al, 2017). Accordingly, the
2H-MoS, nanosheets exhibited a larger 1,y of 348 mV and a
Tafel slope of 90mV dec”. In contrast, the 1T-2H/RGO
composites obtained a quite small 1,0 and a Tafel slope of
126 mV and 35mV dec” due to numerous surface active sites
and excellent charge transfer ability.

The aforementioned HER performance was obtained in the
acidic medium (0.5M H,SO,); however, developing efficient
MoS, HER catalysts under alkaline conditions will be more
challenging because oxygen evolution reaction (OER) catalysts
are usually unstable in the acidic medium. Gao et al. synthesized a
highly efficient and stable carbon-doped 1T-2H/MoS, nanosheets
with 1T fraction of 60%, which exhibited a superb HER
performance with a ;o of only 40 mV and Tafel slope of
46mV dec! in 1.0M KOH (Gao et al, 2020a). This is
significantly reduced compared with those of 2H-MoS,/
graphene oxide which has a n;o of 254 mV and a Tafel slope
of 169mV dec'. The excellent electrochemical activity and
stability was acquired by fast charge transfer and abundant
active sites. The SA-Ru-MoS, achieved a 19 as small as
76mV in 1.0M KOH (pure 2H-MoS, with a poor n; of
339 mV), which was attributed to reduced AGy, increased
electrical conductivity, and modulated electronic structure
(Zhang et al, 2019). Zhang et al. grew nickel hydr(oxy)oxide
nanoparticles on the surface of 1T-MoS, nanosheets to obtain 1T-
MoS,/Ni#"°*05(OH),_s hybrids, which displayed an excellent HER
performance in 1.0 M KOH with a n;o of 73 mV and 185 mV
smaller than those of the pristine 1T-MoS,. A mechanism study
indicated that Ni**®Os5(OH),.s nanoparticles promoted the
adsorption and dissociation of H,O, hence providing sufficient
H* to produce H, on the surface of 1T-MoS, nanosheets (Zhang
and Liang, 2018). Shang et al. embedded vertical monolayer 1T-
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MoS, on the amorphous CoOOOH substrate (MCSO), where the
CoOOH substrate not only stabilized the metallic phase but also
anchored the vertical 1T-MoS, nanosheets to provide plenty of
active sites (Shang et al., 2018). A small Tafel slope of 42 mV dec™
and good stability of 25-h run time were achieved in the alkaline
medium. Table 1 lists the HER performance of some
representative 1T-MoS, catalysts in both acidic and alkaline
media in recent years. The phase modulation method, 1T
content, and substrate were also summarized.

Summary and perspectives

Herein, we first introduced a series of characterization
techniques to confirm the presence and determine the content of
1T-MoS,. Then, some frequently used phase modulation strategies
were summarized to realize the targeted synthesis and stabilization
of 1T-MoS,. Finally, we presented some recent progress in
improving the HER performance of 1T-MoS, in both acidic and
alkaline media including sulfur vacancy engineering, elemental
doping, and integration with a conductive carbon substrate.
However, there is still a possibility to optimize the synthesis and
design efficient 1T-MoS, HER catalysts for future research. 1) The
synthetic parameters for controllable synthesis and stabilization of
the metallic 1T phase. 2) Further modification or functionalization
strategies for tuning the electronic structure and stabilizing the 1T
phase need to be explored. 3) Further improvement in the HER
performance of 1T-MoS, in alkaline or neutral media due to the
sluggish kinetics. 4) Investigating the synergism between 1T-MoS,
and other conductive substrates, such as nickel foam, which not only
promote the exposure of more active sites but also offer better
electrical conductivity.

Author contributions
YZ, LW, and QC drafted the manuscript. JC participated in

the manuscript revision. CZ revised the manuscript and provided
the funding support.

Funding

This work was financially supported by the National Natural
Science Foundation of China (No. 22102055) and Natural
Science Foundation of Hunan Province (No. 2021JJ40222).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1000406

Zhang et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Cai, L., Cheng, W., Yao, T., Huang, Y., Tang, F., Liu, Q. et al. (2017). High-
content metallic 1T phase in MoS,-based electrocatalyst for efficient hydrogen
evolution. J. Phys. Chem. C 121, 15071-15077. doi:10.1021/acs.jpcc.7b03103

Cao, ], Xia, J., Zhang, Y., Liu, X,, Bai, L., Xu, J,, et al. (2021a). Influence of the
alumina crystal phase on the performance of CoMo/Al,Oj catalysts for the selective
hydrodesulfurization of fluid catalytic cracking naphtha. Fuel 289, 119843. doi:10.
1016/j.fuel.2020.119843

Cao, J., Zhang, Y., Zhang, C., Cai, L., Li, Z., and Zhou, C. (2021b). Construction of
defect-rich 1T-MoS, towards efficient electrocatalytic hydrogen evolution: Recent
advances and future perspectives. Surf. Interfaces 25, 101305. doi:10.1016/j.surfin.
2021.101305

Cao, K, Sun, S., Song, A., Ba, ], Lin, H,, Yu, X,, et al. (2022). Increased 1T-MoS, in
MoS,@CoS,/G composite for high-efficiency hydrogen evolution reaction. J. Alloys
Compd. 907, 164539. doi:10.1016/j.jallcom.2022.164539

Chen, W, Gu, J., Liu, Q., Luo, R, Yao, L., Sun, B., et al. (2018). Quantum dots of
IT phase transitional metal dichalcogenides generated via electrochemical Li
intercalation. ACS Nano 12, 308-316. doi:10.1021/acsnano.7b06364

Chi, Z.-H., Zhao, X.-M., Zhang, H., Goncharov, A. F., Lobanov, S. S., Kagayama,
T., et al. (2014). Pressure-induced metallization of molybdenum disulfide. Phys.
Rev. Lett. 113, 036802. doi:10.1103/PhysRevLett.113.036802

Deng, S., Luo, M., Ai, C,, Zhang, Y., Liu, B., Huang, L., et al. (2019). Synergistic
doping and intercalation: Realizing deep phase modulation on MoS, arrays for
high-efficiency hydrogen evolution reaction. Angew. Chem. Int. Ed. 58,
16289-16296. doi:10.1002/anie.201909698

Enyashin, A. N., Yadgarov, L., Houben, L., Popov, I, Weidenbach, M., Tenne, R.,
etal. (2011). New route for stabilization of 1T-WS, and MoS, phases. J. Phys. Chem.
C 115, 24586-24591. doi:10.1021/jp2076325

Gao, B, Du, X,, Li, Y., Ding, S., Xiao, C., and Song, Z. (2020a). Deep phase
transition of MoS, for excellent hydrogen evolution reaction by a facile
C-doping strategy. ACS Appl. Mater. Interfaces 12, 877-885. doi:10.1021/
acsami.9b18940

Gao, B, Du, X,, Ma, Y., Li, Y, Li, Y,, Ding, S., et al. (2020b). 3D flower-like
defected MoS, magnetron-sputtered on candle soot for enhanced hydrogen
evolution reaction. Appl. Catal. B Environ. 263, 117750. doi:10.1016/j.apcatb.
2019.117750

Gao, P.,, Wang, L., Zhang, Y., Huang, Y., and Liu, K. (2015). Atomic-scale probing
of the dynamics of sodium transport and intercalation-induced phase
transformations in MoS,. ACS Nano 9, 11296-11301. doi:10.1021/acsnano.5b04950

Geng, X., Zhang, Y., Han, Y., Li, ., Yang, L., Benamara, M,, et al. (2017). Two-
dimensional water-coupled metallic MoS, with nanochannels for ultrafast
supercapacitors. Nano Lett. 17, 1825-1832. doi:10.1021/acs.nanolett.6b05134

Gong, F,, Liu, M, Gong, L., Ye, S., Jiang, Q., Zeng, G., et al. (2022). Modulation of
Mo-Fe-C sites over mesoscale diffusion-enhanced hollow sub-micro reactors
toward boosted electrochemical water oxidation. Adv. Funct. Mater. 32,
2202141. doi:10.1002/adfm.202202141

Gong, F,, Liu, M,, Ye, S., Gong, L., Zeng, G., Xu, L., et al. (2021). All-pH stable
sandwich-structured MoO,/MoS,/C  hollow nanoreactors for enhanced
electrochemical hydrogen evolution. Adv. Funct. Mater. 31, 2101715. doi:10.
1002/adfm.202101715

Gong, F., Ye, S, Liu, M., Zhang, J., Gong, L., Zeng, G., et al. (2020). Boosting
electrochemical oxygen evolution over yolk-shell structured O-MoS, nanoreactors
with sulfur vacancy and decorated Pt nanoparticles. Nano Energy 78, 105284.
doi:10.1016/j.nanoen.2020.105284

Hwang, D. Y., Choi, K. H., Park, J. E., and Suh, D. H. (2017). Highly thermal-
stable paramagnetism by rolling up MoS, nanosheets. Nanoscale 9, 503-508. doi:10.
1039/C6NR07975]

Ji, L, Yan, P,, Zhuy, C., Ma, C,, Wu, W., Wei, C,, et al. (2019). One-pot synthesis of
porous 1T-phase MoS, integrated with single-atom Cu doping for enhancing

electrocatalytic hydrogen evolution reaction. Appl. Catal. B Environ. 251, 87-93.
doi:10.1016/j.apcatb.2019.03.053

Frontiers in Chemistry

07

10.3389/fchem.2022.1000406

organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Lee, H. L, Cho, H.-S., Kim, M., Lee, J. H., Lee, C., Lee, S., et al. (2021). The
structural effect of electrode mesh on hydrogen evolution reaction performance for
alkaline water electrolysis. Front. Chem. 9, 787787. doi:10.3389/fchem.2021.787787

Li, S., Cai, M., Liu, Y., Wang, C,, Yan, R,, and Chen, X. (2022a). Constructing
Cd 5Zn, 5S/Bi;WOg S-scheme heterojunction for boosted photocatalytic antibiotic
oxidation and Cr(VI) reduction. Adv. Powder Mater. 2, 100073. doi:10.1016/j.
apmate.2022.100073

Li, S., Wang, C,, Cai, M,, Liu, Y., Dong, K., and Zhang, J. (2022b). Designing
oxygen vacancy mediated bismuth molybdate (Bi,MoOg)/N-rich carbon nitride
(C5N;) S-scheme heterojunctions for boosted photocatalytic removal of tetracycline
antibiotic and Cr(VI): Intermediate toxicity and mechanism insight. J. Colloid
Interface Sci. 624, 219-232. d0i:10.1016/j.jcis.2022.05.151

Li, X.-Y,, Zhu, S.-J., Wang, Y.-L,, Lian, T., Yang, X.-y., Ye, C.-F,, et al. (2022c¢).
Synergistic regulation of S-vacancy of MoS,-based materials for highly efficient
electrocatalytic hydrogen evolution. Front. Chem. 10, 915468. doi:10.3389/fchem.
2022.915468

Li, Y., Zhang, Y., Tong, X., Wang, X,, Zhang, L., Xia, X,, et al. (2021). Recent progress
on the phase modulation of molybdenum disulphide/diselenide and their applications
in electrocatalysis. . Mater. Chem. A 9, 1418-1428. doi:10.1039/DOTA08514F

Li, Z., Fan, R,, Hu, Z,, Li, W., Zhou, H., Kang, S., et al. (2020). Ethanol introduced
synthesis of ultrastable 1T-MoS, for removal of Cr(VI). J. Hazard. Mater. 394,
122525. doi:10.1016/j.jhazmat.2020.122525

Liu, Q., Fang, Q., Chu, W, Wan, Y, Li, X,, Xu, W, et al. (2017a). Electron-doped
1T-MoS, via interface engineering for enhanced electrocatalytic hydrogen
evolution. Chem. Mater. 29, 4738-4744. doi:10.1021/acs.chemmater.7b00446

Liu, Q, Li, X,, He, Q, Khalil, A,, Liu, D., Xiang, T., et al. (2015). Gram-scale
Aqueous synthesis of stable few-layered 1T-MoS,: Applications for visible-light-
driven photocatalytic hydrogen evolution. Small 11, 5556-5564. doi:10.1002/smll.
201501822

Liu, Z., Gao, Z., Liu, Y., Xia, M., Wang, R,, and Li, N. (2017b). Heterogeneous
nanostructure based on 1T-phase MoS, for enhanced electrocatalytic hydrogen
evolution. ACS Appl. Mater. Interfaces 9, 25291-25297. doi:10.1021/acsami.
7b05775

Lukowski, M. A., Daniel, A. S., Meng, F., Forticaux, A., Li, L., and Jin, S. (2013).
Enhanced hydrogen evolution catalysis from chemically exfoliated metallic MoS,
nanosheets. J. Am. Chem. Soc. 135, 10274-10277. doi:10.1021/ja404523s

Luo, Z., Ouyang, Y., Zhang, H., Xiao, M., Ge, ], Jiang, Z., et al. (2018). Chemically
activating MoS, via spontaneous atomic palladium interfacial doping towards
efficient hydrogen evolution. Nat. Commun. 9, 2120. doi:10.1038/s41467-018-
04501-4

Mahmood, Q., Park, S. K., Kwon, K. D., Chang, S.-]., Hong, J.-Y., Shen, G, et al.
(2016). Transition from diffusion-controlled intercalation into extrinsically
pseudocapacitive charge storage of MoS, by nanoscale heterostructuring. Adv.
Energy Mater. 6, 1501115. doi:10.1002/aenm.201501115

Nethravathi, C., Prabhu, J., Lakshmipriya, S., and Rajamathi, M. (2017). Magnetic
Co-doped MoS, nanosheets for efficient catalysis of nitroarene reduction. ACS
Omega 2, 5891-5897. doi:10.1021/acsomega.7b00848

Pradhan, G., and Sharma, A. K. (2019). Temperature controlled 1T/2H phase
ratio modulation in mono- and a few layered MoS, films. Appl. Surf. Sci. 479,
1236-1245. doi:10.1016/j.apsusc.2019.02.218

Qi, K, Cui, X,, Gu, L., Yu, S, Fan, X,, Luo, M., et al. (2019). Single-atom cobalt

array bound to distorted 1T MoS, with ensemble effect for hydrogen evolution
catalysis. Nat. Commun. 10, 5231. doi:10.1038/s41467-019-12997-7

Shang, B., Ma, P., Fan, ], Jiao, L., Liu, Z,, Zhang, Z, et al. (2018). Stabilized
monolayer 1T MoS, embedded in CoOOH for highly efficient overall water
splitting. Nanoscale 10, 12330-12336. doi:10.1039/C8NR04218G

Sun, K, Liu, Y., Pan, Y., Zhu, H., Zhao, J., Zeng, L., et al. (2018). Targeted bottom-
up synthesis of 1T-phase MoS, arrays with high electrocatalytic hydrogen evolution

activity by simultaneous structure and morphology engineering. Nano Res. 11,
4368-4379. doi:10.1007/s12274-018-2026-8

frontiersin.org


https://doi.org/10.1021/acs.jpcc.7b03103
https://doi.org/10.1016/j.fuel.2020.119843
https://doi.org/10.1016/j.fuel.2020.119843
https://doi.org/10.1016/j.surfin.2021.101305
https://doi.org/10.1016/j.surfin.2021.101305
https://doi.org/10.1016/j.jallcom.2022.164539
https://doi.org/10.1021/acsnano.7b06364
https://doi.org/10.1103/PhysRevLett.113.036802
https://doi.org/10.1002/anie.201909698
https://doi.org/10.1021/jp2076325
https://doi.org/10.1021/acsami.9b18940
https://doi.org/10.1021/acsami.9b18940
https://doi.org/10.1016/j.apcatb.2019.117750
https://doi.org/10.1016/j.apcatb.2019.117750
https://doi.org/10.1021/acsnano.5b04950
https://doi.org/10.1021/acs.nanolett.6b05134
https://doi.org/10.1002/adfm.202202141
https://doi.org/10.1002/adfm.202101715
https://doi.org/10.1002/adfm.202101715
https://doi.org/10.1016/j.nanoen.2020.105284
https://doi.org/10.1039/C6NR07975J
https://doi.org/10.1039/C6NR07975J
https://doi.org/10.1016/j.apcatb.2019.03.053
https://doi.org/10.3389/fchem.2021.787787
https://doi.org/10.1016/j.apmate.2022.100073
https://doi.org/10.1016/j.apmate.2022.100073
https://doi.org/10.1016/j.jcis.2022.05.151
https://doi.org/10.3389/fchem.2022.915468
https://doi.org/10.3389/fchem.2022.915468
https://doi.org/10.1039/D0TA08514F
https://doi.org/10.1016/j.jhazmat.2020.122525
https://doi.org/10.1021/acs.chemmater.7b00446
https://doi.org/10.1002/smll.201501822
https://doi.org/10.1002/smll.201501822
https://doi.org/10.1021/acsami.7b05775
https://doi.org/10.1021/acsami.7b05775
https://doi.org/10.1021/ja404523s
https://doi.org/10.1038/s41467-018-04501-4
https://doi.org/10.1038/s41467-018-04501-4
https://doi.org/10.1002/aenm.201501115
https://doi.org/10.1021/acsomega.7b00848
https://doi.org/10.1016/j.apsusc.2019.02.218
https://doi.org/10.1038/s41467-019-12997-7
https://doi.org/10.1039/C8NR04218G
https://doi.org/10.1007/s12274-018-2026-8
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1000406

Zhang et al.

Tan, C, Luo, Z.,, Chaturvedi, A., Cai, Y., Du, Y,, Gong, Y., et al. (2018).
Preparation of high-percentage 1T-phase transition metal dichalcogenide
nanodots for electrochemical hydrogen evolution. Adv. Mater. 30, 1705509.
doi:10.1002/adma.201705509

Tang, Q., and Jiang, D.-e. (2016). Mechanism of hydrogen evolution reaction on
1T-MoS, from first principles. ACS Catal. 6, 4953-4961. doi:10.1021/acscatal.
6b01211

Tang, Q., and Jiang, D.-e. (2015). Stabilization and band-gap tuning of the 1T-
MoS, monolayer by covalent functionalization. Chem. Mater. 27, 3743-3748.
doi:10.1021/acs.chemmater.5b00986

Tong, X,, Qi, Y., Chen, J., Wang, N, and Xu, Q. (2017). Supercritical CO,-assisted
reverse-micelle-induced solution-phase fabrication of two-dimensional metallic
1T-MoS, and 1T-WS,. ChemNanoMat 3, 466-471. doi:10.1002/cnma.201700011

Voiry, D., Mohite, A., and Chhowalla, M. (2015). Phase engineering of transition
metal dichalcogenides. Chem. Soc. Rev. 44, 2702-2712. doi:10.1039/C5CS00151]

Wang, C., Wang, H., Lin, Z,, Li, W,, Lin, B., Qiu, W, et al. (2019). In situ synthesis
of edge-enriched MoS, hierarchical nanorods with 1T/2H hybrid phases for highly
efficient electrocatalytic hydrogen evolution. CrystEngComm 21, 1984-1991. doi:10.
1039/C9CE00159]

Wang, D., Zhang, X., Bao, S., Zhang, Z., Fei, H., and Wu, Z. (2017). Phase
engineering of a multiphasic 1T/2H MoS, catalyst for highly efficient hydrogen
evolution. J. Mater. Chem. A 5, 2681-2688. doi:10.1039/C6TA09409K

Wang, G., Zhang, G., Ke, X,, Chen, X,, Chen, X., Wang, Y., et al. (2022). Direct
synthesis of stable 1T-MoS, doped with Ni single atoms for water splitting in
alkaline media. Small 18, 2107238. doi:10.1002/smll.202107238

Wang, H.,, Lu, Z, Kong, D, Sun, J, Hymel, T. M, and Cui, Y. (2014a).
Electrochemical tuning of MoS, nanoparticles on three-dimensional substrate
for efficient hydrogen evolution. ACS Nano 8, 4940-4947. doi:10.1021/nn500959v

Wang, S., Zhang, D., Li, B., Zhang, C., Du, Z,, Yin, H,, et al. (2018). Ultrastable in-
plane 1T-2H MoS, heterostructures for enhanced hydrogen evolution reaction.
Adv. Energy Mater. 8, 1801345. d0i:10.1002/aenm.201801345

Wang, X., Shen, X,, Wang, Z.,, Yu, R, and Chen, L. (2014b). Atomic-scale
clarification of structural transition of MoS, upon sodium intercalation. ACS
Nano 8, 11394-11400. doi:10.1021/nn505501v

Xia, B, Liu, P, Liu, Y., Gao, D., Xue, D., and Ding, J. (2018). Re doping induced
2H-1T phase transformation and ferromagnetism in MoS, nanosheets. Appl. Phys.
Lett. 113, 013101. doi:10.1063/1.5027535

Xiang, D., Zhang, B., Zhang, H., and Shen, L. (2021). One-step synthesis of
bifunctional nickel phosphide nanowires as electrocatalysts for hydrogen and
oxygen evolution reactions. Front. Chem. 9, 773018. doi:10.3389/fchem.2021.
773018

Xu, X, Pan, L., Han, Q, Wang, C,, Ding, P,, Pan, ], et al. (2019). Metallic
molybdenum sulfide nanodots as platinum-alternative ~Co-catalysts for
photocatalytic hydrogen evolution. J. Catal. 374, 237-245. doi:10.1016/j.jcat.
2019.04.043

Yang, C. Y., Chiu, K. C,, Chang, S.]J., Zhang, X. Q,, Liang, J. Y., Chung, C. S, et al.
(2016). Phase-driven magneto-electrical characteristics of single-layer MoS,.
Nanoscale 8, 5627-5633. doi:10.1039/c5nr08850j

Frontiers in Chemistry

08

10.3389/fchem.2022.1000406

Yang, F., Shen, Y., Cen, Z., Wan, ], Li, S., He, G,, et al. (2022). In situ construction
of heterostructured bimetallic sulfide/phosphide with rich interfaces for high-
performance aqueous Zn-ion batteries. Sci. China Mater. 65, 356-363. doi:10.
1007/540843-021-1739-0

Yang, S., Zhang, K., Wang, C., Zhang, Y., Chen, S, Wu, C, et al. (2017).
Hierarchical 1T-MoS, nanotubular structures for enhanced supercapacitive
performance. J. Mater. Chem. A 5, 23704-23711. d0i:10.1039/c7ta08115d

Ye, S., Shi, W.,, Liu, Y., Li, D., Yin, H., Chi, H., et al. (2021). Unassisted
photoelectrochemical cell with multimediator modulation for solar water
splitting exceeding 4% solar-to-hydrogen efficiency. J. Am. Chem. Soc. 143,
12499-12508. doi:10.1021/jacs.1c00802

Yin, Y., Han, J., Zhang, Y., Zhang, X., Xu, P., Yuan, Q,, et al. (2016). Contributions
of phase, sulfur vacancies, and edges to the hydrogen evolution reaction catalytic
activity of porous molybdenum disulfide nanosheets. J. Am. Chem. Soc. 138,
7965-7972. doi:10.1021/jacs.6b03714

Zhang, C., Liu, K., Zhang, Y., Mu, L., Zhang, Z., Huang, J., et al. (2021). Co-
Promoted few-layer and defect-rich MoS, for enhanced hydrodeoxygenation
of P-cresol. Appl. Catal. A General 621, 118175. doi:10.1016/j.apcata.2021.
118175

Zhang, C., Zhang, Y., Zhang, Y., Huang, X., Li, Y., Cao, ], et al. (2022a). One-
pot synthesis of ultrathin 1T-MoS, nanosheets as efficient catalyst for
reduction of 4-nitrophenol. Mater. Lett. 314, 131794. doi:10.1016/j.matlet.
2022.131794

Zhang, C., Zhang, Y., Zheng, H., Xu, J., Liu, X, Cao, ], et al. (2022b). Improving
both the activity and selectivity of CoMo/8-Al,O3 by phosphorous modification for
the hydrodesulfurization of fluid catalytic cracking naphtha. Energy fuels. 36,
3825-3834. doi:10.1021/acs.energyfuels.1c04164

Zhang, J., Xu, X., Yang, L., Cheng, D., and Cao, D. (2019). Single-atom Ru doping
induced phase transition of MoS, and S vacancy for hydrogen evolution reaction.
Small Methods 3, 1900653. doi:10.1002/smtd.201900653

Zhang, L., Shi, Z,, Lin, Y., Chong, F., and Qi, Y. (2022c¢). Design strategies for large
current density hydrogen evolution reaction. Front. Chem. 10, 866415. doi:10.3389/
fchem.2022.866415

Zhang, R,, Tsai, I. L., Chapman, J., Khestanova, E., Waters, J., and Grigorieva, L. V.
(2016). Superconductivity in potassium-doped metallic polymorphs of MoS,. Nano
Lett. 16, 629-636. doi:10.1021/acs.nanolett.5b04361

Zhang, X., and Liang, Y. (2018). Nickel hydr(oxy)oxide nanoparticles on metallic
MoS, nanosheets: A synergistic electrocatalyst for hydrogen evolution reaction.
Adv. Sci. 5, 1700644. doi:10.1002/advs.201700644

Zhao, X,, Ma, X,, Lu, Q,, Li, Q,, Han, C,, Xing, Z., et al. (2017). FeS,-Doped MoS$S,
nanoflower with the dominant 1T-MoS, phase as an excellent electrocatalyst for
high-performance hydrogen evolution. Electrochim. Acta 249, 72-78. doi:10.1016/j.
electacta.2017.08.004

Zheng, J., Zhang, H., Dong, S., Liu, Y., Tai Nai, C., Suk Shin, H,, et al. (2014). High
yield exfoliation of two-dimensional chalcogenides using sodium naphthalenide.
Nat. Commun. 5, 2995. doi:10.1038/ncomms3995

Zhu, J., Wang, Z., Yu, H,, Li, N, Zhang, J., Meng, J., et al. (2017). Argon plasma
induced phase transition in monolayer MoS,. J. Am. Chem. Soc. 139, 10216-10219.
doi:10.1021/jacs.7b05765

frontiersin.org


https://doi.org/10.1002/adma.201705509
https://doi.org/10.1021/acscatal.6b01211
https://doi.org/10.1021/acscatal.6b01211
https://doi.org/10.1021/acs.chemmater.5b00986
https://doi.org/10.1002/cnma.201700011
https://doi.org/10.1039/C5CS00151J
https://doi.org/10.1039/C9CE00159J
https://doi.org/10.1039/C9CE00159J
https://doi.org/10.1039/C6TA09409K
https://doi.org/10.1002/smll.202107238
https://doi.org/10.1021/nn500959v
https://doi.org/10.1002/aenm.201801345
https://doi.org/10.1021/nn505501v
https://doi.org/10.1063/1.5027535
https://doi.org/10.3389/fchem.2021.773018
https://doi.org/10.3389/fchem.2021.773018
https://doi.org/10.1016/j.jcat.2019.04.043
https://doi.org/10.1016/j.jcat.2019.04.043
https://doi.org/10.1039/c5nr08850j
https://doi.org/10.1007/s40843-021-1739-0
https://doi.org/10.1007/s40843-021-1739-0
https://doi.org/10.1039/c7ta08115d
https://doi.org/10.1021/jacs.1c00802
https://doi.org/10.1021/jacs.6b03714
https://doi.org/10.1016/j.apcata.2021.118175
https://doi.org/10.1016/j.apcata.2021.118175
https://doi.org/10.1016/j.matlet.2022.131794
https://doi.org/10.1016/j.matlet.2022.131794
https://doi.org/10.1021/acs.energyfuels.1c04164
https://doi.org/10.1002/smtd.201900653
https://doi.org/10.3389/fchem.2022.866415
https://doi.org/10.3389/fchem.2022.866415
https://doi.org/10.1021/acs.nanolett.5b04361
https://doi.org/10.1002/advs.201700644
https://doi.org/10.1016/j.electacta.2017.08.004
https://doi.org/10.1016/j.electacta.2017.08.004
https://doi.org/10.1038/ncomms3995
https://doi.org/10.1021/jacs.7b05765
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1000406

	Recent progress of electrochemical hydrogen evolution over 1T-MoS2 catalysts
	Introduction
	Characterization techniques for 1T-MoS2
	Phase modulation strategies of 1T-MoS2
	HER performance of 1T-MoS2 catalysts

	Summary and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


