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ABSTRACT

The development of renewable energy conversion and storage devices, aiming at high efficiency, stable operation, environmental friendliness,
and low-cost goals, provides a promising approach to resolve the global energy crisis. Recently, two-dimensional (2D) layered materials have
drawn enormous attention due to their unique layered structure and intriguing electrical characteristics, which brings the unprecedented
board applications in the fields ranging from electronic, optical, optoelectronic, thermal, magnetic, quantum devices to energy storage and
catalysis. Graphene-based 2D layered materials show promising applications in energy storage and conversion owing to their high specific
surface area, which have been used for supercapacitor electrode materials based on the electrical double-layer capacitance model. However,
graphene has a limited value of theoretical electrical double-layer capacitance when the whole surface area is fully utilized. Among several
classes of 2D layered materials beyond graphene, transition metal dichalcogenides, transition metal carbides, and nitrides may exhibit excel-
lent electrochemical properties due to the distinctive features of these 2D materials, such as large specific surface area, good hydrophilic
nature, highly exposed active edge sites, and ease of intercalation and modification. Therefore, careful design and construction of these 2D
compounds make them become potential candidates used for electrochemical supercapacitors and electrocatalytic hydrogen evolution. This
review emphasizes the recent important advances of the 2D layered materials composed of transition metal dichalcogenides, transition metal
carbides, and nitrides for supercapacitors and electrocatalysts. Furthermore, we discuss the challenges and perspectives in this energy field in
terms of the classes of two-dimensional layered materials.
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example, graphene-based 2D materials have been used for supercapa-
citor electrode materials based on the electrical double-layer capaci-
tance (EDLC) model, but graphene has a limited value of
theoretical EDLC due to its high conductivity and specific surface
area (~2630 m*/g). The theoretical specific capacitance of mono-
layer graphene is approximately 21 yF/cm?, and the corresponding
specific capacitance is approximately 550 F/g when the whole sur-
face area is fully utilized."” 2D porous polymers enjoy the merits of
both polymers and 2D materials thanks to their high specific sur-
face area, unique chemical structures, and abundant pores with
active sites, which are beneficial for potential applications in super-
capacitor and electrochemical catalysis.”””' However, preparing
controllable 2D porous polymers still remains a challenge.
Recently, a large number of graphene analogs such as transition
metal dichalcogenides (TMDs) and transition metal carbides and
nitrides (MXenes) have been explored for the usage of electrodes due
to their extraordinary physical and chemical properties.”” ' The
intriguing features of these 2D materials beyond graphene include a
large specific surface area, good hydrophilic nature, highly exposed
active edge sites, and ease of intercalation and modification, which
make them become potential candidates in electrochemical supercapa-
citors and electrocatalytic hydrogen evolution. For example, MXenes
are considered as very fascinating supercapacitor electrode materials,
which are advantageous over other 2D materials such as graphene.
The versatile functions of MXenes are attributed to their extremely
metal conductivity, hydrophilic characteristics, and pseudo-
capacitance working mechanism. For instance, Ti;CT, materials pos-
sess a giant volumetric capacitance of 900 F/cm? (or 245 F/ g) at a scan
rate of 2mV/s, which opens the unprecedented possibility of MXenes
for supercapacitor applications. Currently, there is no specific review
focusing on the field of supercapacitors and electrocatalytic hydrogen
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evolution based on the collection of the two classes containing TMDs
and MXenes. In addition, recent progress of the two classes of 2D
compounds is rapidly advancing, and the family members are signifi-
cantly expanding. This review will concentrate on a brief overview of
the latest research and development of TMDs and MXenes for super-
capacitors and electrocatalytic hydrogen evolution reaction
applications.

Il. COMPOSITION AND STRCUTURE OF TMDs AND
MXenes

The atomic composition and structure of the 2D material endow
the differences in the physical and chemical properties. In the merit of
semiconducting properties, the 2D material manifests its extensive
uses in electronics such as memristors and field-effect transistors.””’
By virtue of the kinetics-favored architecture, ultrathin 2D materials
have been widely studied and used in different fields since the first dis-
covery of graphene.”*”” Recently, the 2D materials are utilized in wide-
spread applications for energy storage and conversion using a large
surface-to-volume ratio in few- or mono-layered structures.”® In par-
ticular, TMDs and MXenes, two rapidly emerging classes of layered
2D supercapacitor electrode materials, have been receiving broad
interest in holding a large specific surface area, high mechanical stabil-
ity, and good hydrophilic nature.”” *’ These layered materials not only
have a strong chemical bonding to connect the in-plane atoms in each
monolayer but also weak van der Waal (vdW) force to stack various
layers, resulting in a form of bulk crystal.”’ Their crystal phases
(Fig. 1) greatly affect material properties including the ion adsorptlon
properties on the Helmholtz double layer in supercapacitors* and
catalytic properties in water splitting,"** rendering their uniqueness
from the traditional bulk materials.

FIG. 1. (a) Crystal structures of MoS, with different polymorphisms including 1H, 1T, 1T/, 2H, and 3R structures.”’ Reproduced with permission from Voiry et al., Chem. Soc.
Rev. 44, 2702-2712 (2015). Copyright 2015 Royal Society of Chemistry. (b) Crystal structures of MXenes in different layer arrangements by a chemical formula of M, 41X,
where nis 1, 2, or 3 (MyX, M3X,, or MsXs), “M” represents the early transition metals (Ti, V, Cr, Nb, etc), and “X” is carbon and/or nitrogen.* Reproduced with permission from
Gogotsi and Anasori, ACS Nano 13, 8491-8494 (2019). Copyright 2019 American Chemical Society.
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A. Transition metal dichalcogenides (TMDs)

TMDs are a chemically diverse class of layered compounds with
a general formula of MX,, where M represents a transition metal ele-
ment (e.g., Mo and Te) and X is a chalcogen (e.g., S, Se, or Te).% 49
The monolayer TMDs consist of a transition metal (TM) layer sand-
wiched by two chalcogen layers,”' and they are in particular featured
with the formation of different crystal polytypes [Fig. 1(a)],” which
perform differently in catalysis and energy storage."”” TMDs exist in
different phases with crystal structures, including semiconducting 2H,
metallic octahedral (1T), and distorted octahedral (1T") phases. The
numbers showing in different phases imply the stacking sequence of
TMDs, for instance, 1H, 1T, 1T’, 2H, and 3R structures. In particular,
the stacking sequence of 1H phase MX, is able to generate the 2H (AB
sequence) or 3R (ABC sequence) phase.”’ The common semiconduct-
ing 2H phase MX, is the most thermodynamically stable one in
nature. As a commonly used hydrogen evolution reaction (HER) cata-
lyst, the Mo-edge of MoS, has been demonstrated to be active for
HER, whereas the S-edge is inert for that.”!

B. Transition metal carbides and nitride (MXenes)

MXenes as an emerging class of 2D materials were discovered by
Gogotsi and Barsoum groups in 2011.°> MXenes were produced by
selective etching of the raw MAX phase materials, presented by a
chemical formula of M,,, ;AX,, where n is 1, 2, or 3 (M,AX, M3AX,,
or MAX;), “M” represents the early transition metals (Ti, V, Cr, Nb,
etc), A stands for an element from groups 13 and 14, and “X” is car-
bon and/or nitrogen [Fig. 1(b)].* The MAX phases have a hexagonal
structure with P63/mmc symmetry,”’ where the M layers are nearly
hexagonally close-packed together and “X” atoms fill the octahedral
sites.”*”” Since M-A bonding (metallic bond) is weaker than that of
M-X (mixed metallic-ionic covalent bond),””” " the “A” layer can be
selectively etched from the MAX phase by HF" or NaOH™ (Bayer
process) and becomes an M, X, (n=1, 2, or 3) structure.

1. TMDs AND MXenes FOR SUPERCAPACITOR
ELECTRODES

Supercapacitors have inspired great research interest in the past
few decades, which possess high power density, very fast charge-
discharge rate, and long cycle stability. According to their working
principle, electrochemical capacitors as electrochemical energy storage
devices depend on the contribution of double layer capacitance and/or
pseudocapacitance.” Electric double layer supercapacitors are based
on the theory of electric double layers. The capacitance results from
the adsorption on the surface of the positive and negative materials to
form a stable electric double layer to store energy. The supercapacitor
is connected to the external circuit to supply the power when discharg-
ing. In addition, it is found that the formation of the electric double
layer is actually a highly reversible physical process, and it does not
involve chemical reactions. The electrodes used in the EDLC model
are mainly traditional carbon-based and 2D materials, when consider-
ing these materials having a high specific surface area, a novel
structure, and good electrical conductivity. Pseudocapacitive superca-
pacitors refer to EDLC supercapacitors with similar capacitive behav-
ior. The difference between them is that the pseudocapacitive
supercapacitors undergo a redox reaction. In addition, the redox reac-
tions often involve changes in the polyvalent state, and thus, the stored
energy is generally 10-100 times compared to an EDLC

scitation.org/journal/are

supercapacitor. However, the cycle performance of the material is
poor due to the non-reversible redox process. The most widely used
pseudocapacitive electrode materials include conducting polymers,
transition metal oxides, and hydroxides.

In principle, whether a certain material is suitable for using super-
capacitor electrodes or not really depends on its electrical conductivity,
surface area, pore size distribution, surface modification, hybridization,
doping, and hierarchical structure.”” °" Moreover, other factors also
play an important role in affecting the performance of supercapacitors,
including the choice of electrode configuration, electrolytes, mass load-
ing, and voltage applied. Currently, the development of supercapacitor
technologies benefits from the novel 2D electrode materials. As one of
the most promising candidates, TMDs and MXenes possess the
enhanced electrochemical capability, long cycle life, and simple
preparation process, which will facilitate various potential applications.
Table I summaries various 2D materials and their synthesis methods,
as well as the performances of supercapacitors.

A. TMDs

TMDs exhibit high performance electrochemical characterization
derived from the large surface area, edge sites, and variable oxidation
states, showing large energy storage capability in supercapacitors.””*’
The typical 2H phase of MX, is most stable, but its electrochemical
performance is often restricted by its poor electrical conductivity. For
example, the semiconducting 2H phase MoS, exhibited a low specific
capacitance of ~100 F/g at a scan rate of 1 mV/s owing to its poor
electrical conductivity.”* Similar results have been reported in other
compounds, such as WS,°” and MoSe,.*®

To overcome the barrier, Acerce et al. reported the metallic 1T-
MoS, as an active electrode material for supercapacitors.”” The high
conductivity of 1T-MoS, ensures a fast electron transfer rate, which
results in an enhanced supercapacitor performance. First, the metallic
1T-MoS, was prepared using the lithium intercalation with n-
butyllithium, and the concentration of 1T-MoS, was as high as 70%.
Then, the 1T-MoS, nanosheets were restacked into films via a vacuum
filtration method, which can be used as a supercapacitor electrode
[Fig. 2(a)]. As shown in Fig. 2(b), aqueous and organic electrolyte solu-
tions were employed to estimate the electrochemical performance of
the 1T-MoS, supercapacitor electrode. Obviously, the capacitance of
the 1T-MoS, electrode was much larger than that of the 2H-MoS,
electrode. Noted that the highest volumetric capacitance of 650 F/cm®
was achieved in the H,SO, aqueous electrolyte at a scan rate of
20mV/s [Fig. 2(c)]. In addition, all measured electrodes exhibited a
capacitance retention over 90% after 5000 charge/discharge cycles at a
current density of 2 A/g. Specifically, the 1T-MoS, electrode materials
demonstrated excellent volumetric energy (0.11 Wh/cm®) and power
densities (1.1 W/cm?), which exceeded many other reported electrode
materials, as displayed in Fig. 2(d). The remarkable electrochemical
properties of 1T-MoS, nanosheets could be attributed to the high con-
ductivity, good hydrophilic nature, and restacking type. Therefore, an
enhanced electrochemical performance of 2D TMD nanosheets can be
achieved via the phase engineering from the semiconducting to the
metallic phase.”"***” Importantly, such a strategy could be extended to
other 2D TMDs. Similarly, Khalil et al. reported stable metallic 1T-WS,
nanoribbons via ammonia ion intercalation.”” The specific capacitance
of the 1T-WS, electrode materials showed a value of 2813 mF/cm’,
which was 12 times higher than that of semiconducting 2H-WS,.

Appl. Phys. Rev. 7, 021304 (2020); doi: 10.1063/5.0005141
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TABLE . Various 2D materials of TMD and MXenes and their supercapacitor performances.

2D material Specific ~ Current density/ ~ Cycling
category Material Synthesis method Device type capacitance sweep rate retention  References
TMDs MosS, Chemical exfoliation Supercapacitor electrode ~650 F/cm’® 20 mV/s 5000/97% 67
WS, Hydrothermal synthesis Supercapacitor electrode 2813 mF/cm®> 0.5 A/m? 2000/35% 70
WTe, Liquid exfoliation All-solid-state flexible 221 F/g 1A/g 5500/91% 71
supercapacitor
VS, CVD growth Supercapacitor electrode 860 F/g 5mV/s 1000/85% 75
MoTe, Chemical synthesis Supercapacitor electrode 1393 F/g 5mV/s 1000/98% 73
TiS, Hot injection Supercapacitor electrode ~520 F/g 0.5A/g 74
Ta$, Liquid exfoliation Supercapacitor electrode 508 F/cm® 10 mV/s 4000/92% 72
SnS, Solvothermal method Supercapacitor electrode 431.82 F/g 1A/g 2000/82% 89
MoSe,/Bi,Se; Hot injection Supercapacitor electrode 1451.8 F/g 1A/g 3000/~100% 83
MoS,-NiO Solution-processed Supercapacitor electrode 1080.6 F/g 1A/g 9000/101.9% 63
VS,/MWCNTs Ionic layer adsorption All-solid-state flexible 860 F/g 5mV/s 10 000/95.9% 81
and reaction supercapacitor
1T-MoS,/Ti;C, MXene Hydrothermal Symmetric supercapacitor 347 mF/cm? 2 mA/cm? 20 000/91.1% 133
MXenes d-Ti;C, T, 6M HF etching Supercapacitor electrode 400 F/g 2mV/s 10 000/90% 102
d-Ti;C, T, 12 M HF etching Supercapacitor electrode 200 F/g 2mV/s 10 000/90% 102
MXene clay (Ti;C,T,) HCl + LiF Supercapacitor electrode 900 F/cm’® 2 mV/s 10 000/~100% 110
NaOH-Ti;C,T, Alkaline-assist hydrothermal Supercapacitor electrode 314 F/g 2mV/s 10 000/89.1% 58
method
400-KOH-Ti;C, HEF etching and Symmetric supercapacitor 517 F/g 1A/g 5000/90.4% 119
annealing
Ti;C,T, HCl + LiF Supercapacitor electrode 380 F/g 10 mV/s 10 000/90% 117
F-free Ti5C, E-etching with All-solid-state flexible 439 F/em® 10 mV/s 10 000/~90% 118
intercalation supercapacitor
TizC, T, HCI + LiF Supercapacitor electrode 435 F/g 2 mV/s 10 000/98% 120
Ti;C,T, HCI + LiF Asymmetric supercapacitor 118 F/g 1A/g 3000/98.5% 121
Ti;C,T, HCl + LiF Flexible supercapacitor electrode 614.5 F/cm? 5mV/s 10 000/95% 122
Ti;C, T, HF etching Supercapacitor electrode 239 mF/cm? 10 mV/s 10 000/100% 123
Ti;C,T, MXene/CNF HCI + LiF Micro-supercapacitor 298 F/g 2 mV/s 10 000/100% 124
p-CNy@ Ti,CT, HF etching Supercapacitor electrode 327 Flg 10 mV/s 5000/96.2% 125
and annealing
N, O co-doped C@ Ti;C, HEF etching Symmetric supercapacitor 250.6 F/g 1A/g 5000/94% 126
RuO,@ MXene HCl + LiF Micro-supercapacitor 864.2 F/cm® 1 mV/s 10 000/90% 127
MXene/CNT-hydroquinone HCI + LiF All-solid-state flexible 1080 F/g 2mV/s 5000/90% 128
supercapacitor
MXene/MPFs HCl + LiF All-solid-state flexible 326.1 F/g 0.1 A/g 7000/95.9% 129
supercapacitor
AC/Ti;C, T, HCl + LiF Supercapacitor electrode 126 F/g 0.1 A/g 10 000/57.9% 130
MXene/RGO HCI + LiF Flexible supercapacitor 90 F/cm® 1Alg 10 000/85% 134
SA-MXene HCl + LiF Micro-supercapacitor 720.7 F/em® 1A/g 4000/94.7% 135
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The enhanced capacitance value was attributed to the greatly improved
electrical conductivity of the 1T-WS, electrode. In addition, the elec-
trode also exhibited a good stability even under high current scans,
resulting from the stable ammonia-ion interaction.

Compared with semiconducting S-based and Se-based TMDs,
which are required to transform via phase engineering, the stable
metallic phase of Te-based WTe, shows much better electrical conduc-
tivities at room temperature, which is beneficial to improving the
supercapacitor performance. Yu et al. reported that the metallic
1T4-WTe, nanosheets were prepared by liquid exfoliation.” These
1T4-WTe, nanosheets were assembled into stable films, and therefore,
all-solid-state flexible supercapacitors were fabricated. The fabricated
supercapacitors exhibited a mass capacitance of 221 F/g [Fig. 3(a)]
and a stack capacitance of 74 F/cm?®. In addition, the devices could
power light-emitting diodes (LEDs) for 40 s after being charged to 3 V
in 10s. Furthermore, they showed an excellent volumetric energy
of 0.01 Wh/cm® and a power density of 83.6 W/cm®, respectively
[Fig. 3(b)]. Wu et al. reported that very large-sized conductive mono-
layer sub-nanopore TaS, was prepared by acid-assisted exfoliation.””
The as-produced metallic TaS,-based micro-supercapacitor exhibited
a large volumetric capacitance of 508 F/cm” at a scan rate of 10 mV/s
and a high energy density of 58.5 Wh/L [Fig. 3(c)]. Moreover, other
metallic phases of TMDs were also used as potential supercapacitor
electrode materials, such as MoTez,73 MoSez,’*'1 VS, 77 TS,
and VSe,.”®

The combination of 2D TMDs with highly conductive materials
has been demonstrated to be a reasonable approach to enhance the
supercapacitor performance due to the strong synergetic effect of indi-
vidual materials,” " including conducting polymers, graphene,
microporous carbon, and 2D compounds. In particular, conducting
polymers are promising additives, which significantly enhance the
capacitive performance of 2D TMDs because of their high redox-
active capacitance, moderately high electrical conductivity, low cost,
and high intrinsic flexibility. Combining polyaniline (PANI) nanonee-
dle arrays with MoS, nanosheets were reported using an ice-reaction
process.”” This highly electrochemically active 2D MoS,@PANI com-
posite with a large surface area and good electrical conductivity exhib-
ited a high specific capacitance of 853 F/g at a current density of 1 A/g.
Meanwhile, a very high energy density of 106 Wh/kg at a power den-
sity of 106 kW/kg was also achieved, which was significantly higher
than those reported for MoS,-based materials and commercial super-
capacitor devices. Yang et al. reported that the MoSe,/Bi,Se; hybrids
demonstrated superior capacitive performances of 1451.8 F/g at 1 A/g
and 750 F/g at 20 A/g, respectively,”” which were higher than two
times of that of pure MoSe, and three times of that of pure Bi,Se; at
identical current densities [Fig. 3(d)]. In addition, any obvious
changes were not found in the MoSe,/Bi,Se; hybrids after 3000
charge-discharge cycles at 10 A/g, indicating an excellent cycling sta-
bility ascribed to the faster transport rates of electrons and ions,
smaller resistance, and more stable kinetic reversibility between Bi,Se;
and MoSe,.

It is worthy of remark that various structures derived from
TMDs have been used as supercapacitor electrodes, which exhibit
enhanced performance.”* * Peng et al. reported that varied hierarchi-
cal structures with solid, yolk-shell, double-shell, and hollow spheres
assembled from CoS, nanosheets have been synthesized using a simple
hydrothermal method.” It is noted that the CoS, hollow sphere based
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FIG. 2. The electrochemical performance of 1T-MoS, as supercapacitor electrodes: (a) side view of restacking MoS, nanosheets. (b) Cyclic voltammetry (CV) profiles of 2H
and 1T-MoS; in different electrolyte solutions. (c) The volumetric capacitance of the 1T-MoS, with scan rates for different electrolytes. (d) Ragone plot of the volumetric power
and energy densities for 1T-MoS, and other reported electrode materials.®” Reproduced with permission from Acerce et al., Nat. Nanotechnol. 10, 313-318 (2015). Copyright

2015 Springer Nature Publishing.

electrode showed the highest specific capacitance of 1301 F/g at a cur-
rent density of 1 A/g, as shown in Fig. 3(e). In addition, a specific
capacitance of 450 F/g still remained on the electrode based on CoS,
hollow spheres even at a high current density of 20 A/g, indicating the
good rate capability. The excellent supercapacitor performance of
CoS, hollow spheres can be attributed to the specific 3D architecture
with a high surface area for the faradic redox reaction and suitable
mesopore distribution for the mass transfer of electrolytes. The mor-
phology of TMD materials has a significant effect on the electrochemi-
cal performance. Parveen et al. showed that the flower-like SnS,
exhibited better capacitive performance than the sheet-like SnS, and
ellipsoid-like SnS,.”” The flower-like SnS, electrodes showed a high
specific capacitance of ~431.82 F/g at a current density of 1 A/g. The
outstanding electrochemical performance of the flower-like SnS,

materials could be ascribed to the larger specific surface area and better
average pore size. In addition, the SnS, nanostructures (flower-like,
sheet-like, and ellipsoid-like) also displayed good cycling stability, as
shown in Fig. 3(f).

Interestingly, 2D TMD based materials possess good mechanical
strength with flexibility characteristics, which have been demonstrated
as promising flexible supercapacitors.””” The flexible supercapacitors
are able to meet the power requirements of compact applications, such
as wearable devices. The flexible films composed of 2D TMD nano-
sheets can be easily fabricated through a vacuum filtration method.
The vdW interaction between 2D TMD nanosheets ensured the
mechanical stability of the fabricated films and enabled the direct use
of the films as electrodes without additional polymer binders. Wang
et al. presented that a flexible in-plane solid-state supercapacitor can
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materials.”’

Reproduced with permission from Yu et al., Adv. Mater. 29, 1701909 (2017). Copyright 2017 Wiley-VCH. (c) Metallic sub-nanopore monolayer TaS, was produced

via acid-assisted exfoliation and then a micro-supercapacitor was fabricated.”” Reproduced with permission from Wu et al., J. Am. Chem. Soc. 140, 493-498 (2018). Copyright
2018 American Chemical Society. (d) Specific capacitance as a function of current density with the MoSe,/Bi,Se; hybrids, pure MoSe,, and Bi,Se;. 8 Reproduced with permis-
sion from Yang et al., Adv. Funct. Mater. 27, 1703864 (2017). Copynght 2017 Wiley-VCH. (e) Schematic diagram of synthesis for the solid, yolk-shell, double-shell, hollow
spheres, and bulk CoS,, respectively.”® Reproduced with permission from Peng et al., Adv. Funct. Mater. 24, 2155—2162 (2014). Copyright 2014 Wiley-VCH. (f) Capacitance
retention of the EL-SnS,, FL-SnS,, and SL-SnS, electrodes; the inset shows their profiles at a current load of 1 Alg.*® Reproduced with permission from Parveen et al.,, ACS
Omega 3, 1581-1588 (2018). Copyright 2018 American Chemical Society.
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be made by using metallic few-layer VSe, nanosheets. The prepared
supercapacitor has a high power density, which is comparable to that
of graphene-based supercapacitors. After being charged to 2.2V for 15
s, the supercapacitors could power up red, yellow, and green LED
lights with the lowest working voltage from 1.6V to 1.8V. More
importantly, the flexible supercapacitor showed robust stability even
after 10 000 bending cycles [Figs. 4(a) and 4(b)].”” The flexible solid-
state symmetric supercapacitor device prepared from VS,/multiwalled
carbon nanotubes (MWCNTs) exhibited maximum gain in a specific
capacitance value of 182 F/g at a scan rate of 2 mV/s along with a spe-
cific energy of 42 Wh/kg and a superb stability of 93.2% over 5000
cycles, as shown in Fig. 4(c).”" Figure 4(d) displays a flexible 1T-MoS,
film deposited on a polyimide substrate using a simple filtration
technique.””

B. MXenes

Electrochemical capacitors refer to an electrochemical energy
storage technology based on the double layer capacitance and/or pseu-
docapacitance.”” MXenes are regarded as promising materials because
their sheet-like structure renders them a large surface area,
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contributing to more capacitance than traditional layered materials
such as graphene or phosphorene.”” *° Different synthesis methods
affected the chemical and physical properties of MXenes.””
Hydrofluoric acid (HF) etching is a common approach to achieve
selective etching of “A” layers from the MAX phases. The mechanism
is based on the difference in bond strength, where the M-A bond is
generally weaker than the M-X bond.”****””” In the inherently nano-
layered MAX phase materials, the “A” layers were etched by the HF
acid to form a fluoride with the release of hydrogen gas

M1 AX, + 3HF — AF; + 3/2H, + My Xa. (1)

The -F and -OH termination groups could be found on the surface of
the MXenes during the HF etching process, as described in the follow-
ing equations:

M, 1 X, + 2HF — My XpFp + Hy, (2)
M, 1 X, + 2H,0 — M4 X, (OH), + H,. (3)

In general, the MAX phase powder was immersed in 10% or 50% con-

centrated HF with stirring at room temperature to complete the etch-
ing [Fig. 5(a)].”" The etching time depended on types of materials; for
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FIG. 4. (a) The specific capacitance as a function of the bending degree. The left and right insets show the flat and curved states of the supercapacitor. Demonstration of red,
yellow, and green LED lights powered by in-plane supercapacitors. Reproduced with permission from (b). The stability of the specific capacitance of the V/Se, supercapacitor;
the inset displays the charge—discharge curves of the supercapacitor at a scan rate of 2 mA/cm? after 10 000 bending cycles.”” Reproduced with permission from Wang et al.,
J. Mater. Chem. A 6, 8299-8306 (2018). Copyright 2018 Royal Society of Chemistry. (c) Photograph of the flexible solid-state symmetric supercapacitor device based on the
VS,/MWCNT electrode.”’ Reproduced with permission from Pandit et al., ACS Appl. Mater. Interfaces 9, 4488044891 (2017). Copyright 2017 American Chemical Society. (d)
Photograph of a flexible 1T-MoS, film deposited on a polyimide substrate.”” Reproduced with permission from Acerce et al., Nat. Nanotechnol. 10, 313-318 (2015). Copyright

2015 Springer Nature Publishing.
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tion was utilized to produce the in situ formation of the HF acid on the surface of the MXene.”' Reproduced with permission from Lipatov et al., Adv. Electron. Mater. 2,
1600255 (2016). Copyright 2016 Wiley-VCH. (b) Alkali treatment. In the second method, high temperature and high pressure were used to assist the formation reaction of the
Al-OH bonding by alkali solution. As a result, the aluminum layer was selectively removed from the MAX phase material.”® Reproduced with permission from Li et al., Angew.
Chem., Int. Ed. 130, 6223-6227 (2018). Copyright 2018 Wiley-VCH. (c) Electrochemical etching (E-etching) method. The electrochemical etching mechanism based on the
reaction priority of M-X bonding and A-X bonding. The A-X bonding is first decomposed by the electrochemical reaction to complete selective etching. A further reaction may
drive the reaction to complete etching of all metal layers but not selective etching.”” Reproduced with permission from Pang et al., J. Am. Chem. Soc. 141, 9610-9616 (2019).

Copyright 2019 American Chemical Society.

example, vanadium (V)- and molybdenum (Mo)-based MAX phase
materials usually required more than 3 days to achieve the selective
etching.””'"" For MXenes, the termination groups and the concentra-
tion of the etchant play important roles in their electrochemical prop-
erties. Hu et al. disclosed a special electrochemical behavior of Ti;C,T,
MXene, by adjusting the concentration of the etchant to control over

the interlayer water and functional groups.'”” Surprisingly, the
MXenes etched from 6 M HF had a higher supercapacitance than that
etched from 12 M HF, even though the gravimetric surface area of the
12 M HF etched Ti;C,T, sample (40.5 m?/g) was one order magnitude
higher than that of the 6 M HF etched Ti;C,T, sample (3.5 m?/ 2). The
results revealed that the surface functional group and the interlayer
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water are more dominant factors on the electrochemical cap of
MZXenes compared to the specific surface area. The sample etched
from 6 M HF exhibited a larger interspace, so the higher accessibility
of water molecules between the active sites of the MXene led to their
high capacitance of 400 F/g at a scan rate of 2mV/s.

Instead of directly using HF acid to attain MXenes from their
MAX phases, an alternative etching method was developed as an
in situ formation of HF. The HF can be formed by mixing the strong
acid and F salt to remove the “A” layers from the MAX phases
selectively. This method can terminate the surface of MXenes with -Cl
groups and provide the products with a better Li-ion-battery storage
property by the enlarged interlayer spacing.'”’ Cations dissociated
from the fluoride salt cause an intercalation of the cations and water
content to the MXenes, weakening the interaction between MXene
interlayers. By using the indirect HF etching, the etched MXene can
directly process to delamination without an extra step of intercala-
tion.””'”* For most of the applications of the MXenes, delamination is
a necessary step for the MXenes to achieve a better performance.
Liquid exfoliation and intercalation delamination were mostly used for

Etching Washing

scitation.org/journal/are

MXene production.'”'”" Polar organic molecules such as dimethyl

sulfoxide (DMSO), thiourea, and urea were used as intercalants.'””**®
The intercalated MXene, subject to mechanical vibration or sonication
in water, produced freestanding MXene “papers” or “flakes.””>'"”
Ghidiu et al. demonstrated an innovative approach to fabricate an 2D
electrode for a high-performance supercapacitor.''” TisC,T, was pre-
pared by dissolving 1.98 g LiF in 6 M HCL. Figure 6 shows that the
rolled pseudocapacitive Ti;CT, films exhibit a high volumetric capaci-
tance of 900 F/cm® (or 245 F/g) at a scan rate of 2 mV/s, which opens
the possibility of MXene as a promising supercapacitor.

Fluorine containing solution provides a method for MXene mass
production. However, the presence of highly toxic HF hampers further
development of the MXenes. Li et al. reported an alkali-etching strat-
egy to produce Ti;C,T, from MAX phase Ti;ALC [Fig. 5(b)].%° Using
neither a halide reactant nor high temperature, concentrated NaOH
solution was used for the etching process at a mild temperature. Alkali
can possibly remove the outer layer Al of the MAX phases due to the
strong binding ability of OH with amphoteric element Al;''" however,
there are a few literature studies reported on the selective etching of Al
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by alkaline etchants."'>'"* It should be noted that this method still has
a challenge in producing accordion-like MXenes due to the formation
of Na/K-Ti-O composites.''“''> The thermo-assisted reaction can
solve the kinetic problem caused by the presence of O/OH protective
layers on the Ti;AL,C surface. The -F functional group free MXene
exhibit a favorable performance toward the electrochemical capaci-
tance storage due to their -O rich surface. The etching mechanism of
fluorine-free synthesis of high-purity MXene via alkali treatment is
depicted as the following equations:

Ti;AIC, + OH™ + 5H,0 — Ti;C,(OH), + Al(OH), +5/2H,,
(4)
Ti;AIC, + OH™ + 5H,0 — Ti;C,0; + Al(OH), +7/2H,.  (5)

Since this alkaline-based etching involved none of F-containing
etchants, a fluoride-free but -O or -OH functional group rich Ti;C,T,
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MXenes (NaOH-Ti;C,T,) could be fabricated, presenting better elec-
trochemical capacitance than that of the HF etched MXene. It is pro-
posed that the -O/-OH termination groups of MXenes are beneficial
to redox-related capacitance where the -F functional group is less
favorable for redox processes.””''® The MXenes exhibited a promising
capacitance of 314 F/g at a scan rate of 2mV/s, as shown in Fig. 7. The
F-free MXenes open a new possibility to energy storage materials;
however, their lack of fast charge/mass transport dynamics is one of
the major barriers to practical use. Moreover, this alkaline-based etch-
ing posed a restriction on the thickness of the MXenes and limited
their performance in volumetric energy storage. This issue can be
addressed by introducing an optimized electrode architecture to
enhance the charge/mass transport dynamics."'”

The functionalization engineering endows a flexible and tunable
bandgap of the MXene. The functionalization not only renders a high
conductivity of the MXene to reduce the self-discharge effect but also
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FIG. 7. Supercapacitor performance of the TisC,T, film electrode. (a) CV curves for the Ti;C,T, film electrode collected at 2, 5, 10, 20, 50, and 100 mV/s, respectively. (b)
Galvanostatic charge/discharge (GCD) cycling profiles of the Ti;C,T, film electrode carried out at 1, 2, 5, and 10 A/g, respectively. (c) The EIS data collected at different poten-
tials, while the inset shows the high frequency range. The Nyquist plots at 0.95V showed a linear increase with a slope of different redox peaks in (a). (d) Capacitance reten-
tion test performed at 5A/g.58 Reproduced with permission from Li et al., Angew. Chem., Int. Ed. 57, 6115-6119 (2018). Copyright 2018 Wiley-VCH.
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manifests a fortified pseudocapacitive active species at the MXene
surface.”

In stark contrast with the HF-etched MXene, the F-termination
free MXene holds an enriched oxygen termination. For electrochemi-
cal etching, the etching and termination processes are described as
follows:

Ti3A1C2 — 3¢ + 3ClI" — Ti3C2 + A1C13, (6)
Ti3C2 + 20H™ — 2¢” — Tig,Cz(OH)Z7 (7)
TisC, + 2H,0™ — TisC,(OH), + H,. (8)

By combining the E-etching and intercalation processes, mono-
layer or bilayer MXene can achieve a high yield of 90%, which is com-
parable to or surpassing that achieved by the MXene made from the
traditional method via direct or indirect HF etching. Owing to its
enriched -O/OH functional groups and enlarged surface area, the
promising applications of F-free MXene as an electrochemical capaci-

90,118
tor are demonstrated.

REVIEW scitation.org/journal/are

The spontaneous and electrochemical intercalations of cations in
MXene layers have been confirmed in 2013 by Gogotsi et al.”® The
study demonstrated the spontaneous intercalation of various cations
such as Li", Na™, K, and Mg2+ and AI*" into the MXene layers.
Calcination and intercalation are capable of expanding the interlayer
spacing (dinerlayer). Attributed to an increase in the dipteriayer Value

from 9. 6 to 12.5 A, the specific surface area was increased from 1.4 to
22.6 m*/g.""” The result indicated that the treatment enhanced the sur-
face area and hence improved the capacitance from 244 to 517 F/g.
Apart from the enlarged surface area of the MXenes, their architecture
designs usually result in better electrochemical activity due to the opti-
mized mass transport kinetics. Lukatskaya et al. proposed two distinct
architecture designs for MXenes as a supercapacitor electrode.''” For
the microporous MXene electrode, the capacitance delivered up to 310
F/g at a sweep rate of 10mV/s. For the hydrogel film electrode, the
capacitance could increase up to 380 F/g as shown in Fig. 8. With an
optimized lateral dimension, the hydrogel electrode showed enhanced
conductivity and ion accessibility, contributing to a high capacitance
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FIG. 8. (a) Schematic illustration of the MXene structure; the intercalated water molecules enable high accessibility of protons to the redox-active sites. (b) Scanning electron
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Reproduced with permission from Lukatskaya et al., Nat. Energy 2, 17105 (2017). Copyright 2017 Springer Nature Publishing.
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of 435 F/g at a scan rate of 2mV/s."”” Furthermore, Chang et al.
designed a flexible MXene capacitor by controlling the crumpling,
which constituted indifferent dimensions.'”' The surface engineering
on the MXene wrinkles successfully increased its mechanical strength
by threefold, and the samples achieved a capacitance of 118 F/g at a
scan rate of 1 A/g with good flexibility.

Motivated by the miniaturization of flexible wearable electronics,
increasing efforts have been invested in the development of 1D fiber
shaped supercapacitors. Fiber-shaped supercapacitors not only have
high electrical conductivity but also promise energy storage applica-
tions. By the facile one-step wet-spinning approach, the fiber with a
record conductivity of 1489 S/cm was synthesized by hybrid formula-
tions of Ti;C,T, and poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate.'*” The hybrid fiber exhibits a high volumetric capacitance of
614.5 F/cm” at a scan rate of 5mV/s and demonstrates its facilitating
application as a supercapacitor to turn on a red LED over 30 s. By the
polymerization of the 2D MXene to polyacrylonitrile (PAN) and the
carbonization of the fiber network, the fiber mat composite electrode
prevented the material delaminating from the substrate during folding
or bending and maintained high stability and durability.'*’ The elec-
trospun MXene/carbon nanofiber exhibits an areal capacitance of 239
mF/cm”® at a sweep rate of 10mV/s and reveals a high retention of
100% over 10 000 cycles. Furthermore, the composite of the 1D cellu-
lose nanofibrils and the robust MXene exhibits their stable colloidal
dispersion with an improved pseudocapacitive activity.””* The
MXene/CNF composites hold a high mechanical strength of 341 MPa
while maintaining a high capacitance of 298 F/g at a scan rate of
2mV/s. The texturing technique showed that MXenes were able to fit
into a highly stretchable architecture, showing attractive applications
in wearable electronic devices.

Although MXenes have been explored to be promising electro-
chemical capacitors, their capacitive mechanism is dominated by the
redox processes, which probably worked against by the double layer
charges due to the charge dynamics between the surface and the elec-
trolyte."” The introduction of electrochemically active materials into
MXenes may provide a potential solution to this problem. For exam-
ple, by introducing polymeric carbon nitride (p-C;N,) to the MXene,
p-CsN, serves as a nitrogen source and an intercalant. p-
C3N4@Ti,CT, delivered a high capacitance of 327 F/g with 96.2%
retention after 5000 cycles.'”” In addition to the introduction of the
nitrogen source, the O dopant on the MXene enables the boosted
effect of the Ti;C, MXene. The N, O co-doped C@ Ti;C, composites
have been fabricated by an in situ polymerization method with the
purging of the mixture of Ar and NH; gases at an annealing tempera-
ture of 600 °C. With the synergic effect of the abundant O- and N-
functional group grafted carbon core and the high conductivity of the
MXene, additional pseudocapacitance is provided by the extra ion
adsorption. As a result, the co-doped supercapacitor manifests a high
gravimetric capacitance of 250.6 F/g at a high current density of 1 A/g,
maintaining a high retention of 94% after 5000 cycles.'** Furthermore,
the decoration of the pseudocapacitive species on MXene offers an
improvement in energy storage by the hybrid energy storage mecha-
nism of EDLC and redox-based pseudocapacitance.'”” Through the
linking of silver nanowire ink and the electrochemically active RuO,,
the volumetric capacitance of the MXene raises from 76.8 to 821 F/
cm® at a scan rate of 5mV/s, demonstrating an 11-folded elevated
enhancement in the capacitance.

REVIEW scitation.org/journal/are

Taking advantage of the anticipating high-volumetric-capaci-
tance feature, MXene endows its emerging use as an electrochemical
capacitor. Nevertheless, the relatively narrow potential window
restricts the practical application as an all-solid-state supercapacitor.
In the light of the hybrid system of redox-active hydroquinone/CNT
and MXene, the asymmetric supercapacitor can operate in a high
potential window of 1.6 V with a specific capacitance of 1080 F/g at a
scan rate of 2mV/s."”* 2D metal-porphyrin frameworks (MPFs) have
received attention in the application of advanced energy storage devi-
ces. However, the inferior conductivity and insufficient stability of the
MPFs hinder their use in flexible free-standing electrodes. A new strat-
egy of the utilization of the hydrogen bond by vacuum-assisted filtra-
tion technology is applied to address the intrinsic defect of the
MPFs.'”” The resultant MXene/MPF frame affords a 3D interconnect
conductive network, attributed to an enhanced pseudocapacitor by the
accelerated ionic/electronic transport rate. The hybrid firm can stably
deliver a capacitance of 326.1 F/g at a current density of 0.1 A/g over
30 000 cycles and manifest an areal capacitance of 408 mF/cm* with a
capacitance retention of 95.9% after 7000 cycles as a symmetric super-
capacitor. The carbon-based material endows a robust structure and
resistance-reduced backbones to the MXene. Recently, it was proposed
that a bonded activated carbon (AC) as an electrochemically active
material for EDLC storage could be linked to the MXene with reduced
graphene oxide (r-GO) and therefore formed a sandwich layer of the
MXene-rGO-AC structure.””” This composite constructed a 3D elec-
trode network for a supercapacitor electrode, which exhibited a gravi-
metric capacitance of 126 F/g at a current density of 0.1 A/g. The
MXene/graphene based composite all-solid-state supercapacitor devi-
ces were fabricated, which demonstrated an excellent volumetric
capacitance up to 216 F/cm® at a current density of 0.1 A/cm’. In addi-
tion, the flexible supercapacitor devices also exhibited a significant
areal capacitance up to 3.26 mF/cm® and a volumetric capacitance up
to 33 F/cm” at a current density of 2 mV/s, which are larger than those
of the reported graphene-based micro-supercapacitors.”’

C. 2D TMD/MXene composites

The hybrid composites with two or more materials can be con-
structed, which are able to combine the merits of individual counter-
parts and optimize their properties. In addition, the composites
generate multifunctional applications and modulate their physical and
chemical properties, which may obtain better performance in the field
of specific applications.'”

MoS, is the typical type of TMD, which is easy to be intercalated
and modified due to its unique structure. Ti;C, T, is the common type
of MXene, which may possess superior electrochemical properties,
benefited from its extremely metal conductivity, hydrophilic character-
istics, and pseudo-capacitance working mechanism. Therefore, the
MoS,/TizC, T, composite can effectively improve the electrochemical
properties, for instance, a higher specific capacitance of the composite
than those of pure MXenes. The maximum specific capacitance of the
MoS,/MXene composite based micro-supercapacitors is 173.6 F/cm’
at a current density of 1 mV/s, and the maximum energy density and
power density are 15.5 mWh/cm® and 0.97 W/cm?, respectively. In
addition, the micro-supercapacitors demonstrate the excellent cycle
stability and flexibility.'**

The hybrid structure opens up a new possibility to the MXene to
overcome the pristine with relatively low capacitance and also enlarged
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the potential window of the supercapacitor, leading to broad applica-
tions in the energy storage.

IV. TMDs AND MXenes FOR ELECTROCATALYS

With the growing awareness in the energy crisis and the continu-
ous consumption of fossil fuel, search of clean energy is a surpassingly
urgent issue in the past few decades."’”'*' Distinct from renewable
energy such as wind energy,"*>'** hydrogen energy is considered as an
alternative energy source, which is clean and environment-friendly.'**
Producing hydrogen fuel via water splitting is an effective way to pro-
vide hydrogen energy. The sustainable hydrogen production requires
highly efficient and robust earth-abundant electrocatalysts for HER.
Novel materials such as platinum and palladium have been success-
fully commercialized for wide use in electrocatalytic applications.'*”
Limited by its low abundance and high cost, the novel metal based
electrocatalysts restricted their use in fuel production and the promo-
tion of the clean energy in extensive energy conversion applications."*®
On the other hand, the 2D material has a high surface-to-volume ratio
and a shorten diffusion length, and it is considered as a promising sub-
stitution to the novel metal catalyst. Generally, the HER activity in the
2D material likely tends to occur in acidic media rather than the alka-
line media due to the sluggish reaction in the water splitting process.””
The water splitting and hydrogen evolution reaction are described by
the following three key steps: electrochemically adsorption/desorption,
dissociation/combination, and chemical desorption process, namely,
Volmer, Heyrovsky, and Tafel reactions, respectively. The reactions
can be written as the following equations and “M” represents the
catalyst:

H ' +e¢e +M—M-H, 9)
M—-H 4+ M—H — H, + 2M, (10)
H "+ M—H— H, + M. (11)

Since the reactions are closely related to the surface area of
the catalyst “M,” the electrocatalytic active site is detrimental to the
HER activity. Advantageous from the 2D layered structure, the 2D
material creates extra electrocatalytic active sites than the traditional
bulk material.”® The high electrocatalytic activity is attributable to the
hydrogen adsorption characteristics."*” For example, the Mo based 2D
materials such as MoS, and Mo,CT, have been explored to promote
the performance of HER, which is attributed to their basal electrocata-
lytic properties.”””” In order to reduce the production cost and lower
the overpotential, various electrocatalytic materials and approaches
have been studied and promoted by a number of academies, institu-
tions, and researchers."** '*® Here, some representative electrocatalytic
materials are presented and summarized in Table II.

A. TMDs

TMD:s have a large specific surface area and the intrinsic catalytic
activity. In particular, the edges of MoS, were considered as active sites
for the HER electrocatalyst. In addition, density functional theory
(DFT) calculations indicated that the hydrogen adsorption energy on
the edge of TMDs such as MoS, was estimated to be close to zero,
indicating that MoS, may be an attractive HER electrocatalyst.'””
Jaramillo et al. demonstrated that the HER activity correlated linearly
with the number of edge sites of MoS,."*” Many other 2D materials
were also found to possess the HER activity with their active edge

scitation.org/journal/are

sites.'®" Therefore, constructing or exposing more active edge sites
could be an effective strategy to improve the HER activity. Xie et al.
showed engineering defects into MoS, to expose additional active edge
sites via its unique defect-rich structure.'®” The defect-rich MoS, ultra-
thin nanosheets showed a small onset overpotential of 120mV and a
small Tafel slope of 50 mV/decade, which are better than those of the
defect-free nanosheets (180 mV and 87 mV/dec) or the bulk materials
(250 mV and 81 mV/dec).

Various strategies, such as defect engineering, doping, increasing
active sites, and hybridization, could improve the HER activi-
ties.""”" 71> A new type of defect- and S-rich ultrathin MoS, nano-
sheet with an N-doped carbon nanofiber composite structure (MoS,/
NCNFs) was reported,'®* exhibiting a small overpotential of 135 mV
and a small Tafel slope of 48 mV/dec. The high HER activity of MoS,/
NCNFs may arise from the synergy of NCNFs and Mo$S, and defect-
and S-rich, ultrathin MoS, structures. A phase transition from cubic to
orthorhombic phases in CoSe, via phosphorus-doping was
reported.'*” Noted that the orthorhombic CoSe, with an 8 wt. % phos-
phorus dopant showed the lowest overpotential of 104 mV at 10 mA/
cm? in 1 M KOH, with an onset potential as small as 31 mV. In addi-
tion, a small Tafel slope of 69 mV/dec was achieved for phosphorus-
doping CoSe,, implying its excellent HER activity as compared to
those of Pt/C and other documented HER single catalysts [Figs. 9(a)
and 9(b)]. The optimization of the basal plane of monolayer 2H-MoS,
for HER was carried out by introducing sulfur (S) vacancies and
strain.'”* The theoretical and experimental results showed that the S-
vacancies were new catalytic sites in the basal plane [Fig. 9(c)]. The
overpotentials for unstrained S-vacancy MoS, (V-MoS,) of 250 mV
and strained S-vacancy MoS, (SV-MoS,) of 170 mV were obtained at
a current density of 10 mA/cm?, as shown in Fig. 9(d). The corre-
sponding Tafel plots showed that strain decreased the Tafel slope from
98 to 90 mV/dec, whereas S-vacancies reduced the Tafel slope from 98
to 82 mV/dec. In contrast, combining strain and S-vacancies decreased
the Tafel slope to 60 mV/dec. Such a Tafel slope had been observed for
MosS;5 clusters, which was ascribed to a chemical rearrangement
before H, desorption became the rate-limiting step. It was reported
that MoSe,/MoO, hybrid nanosheets with an abundant edge and high
electrical conductivity were synthesized on the surface of Mo foil by
introducing a layer of MoO, on Mo foil."*® Metallic MoO, could
improve the charge transport efficiency of MoSe,/MoO,, thereby
enhancing the overall HER performance. MoSe,/MoQ, exhibited fast
hydrogen evolution kinetics with a small overpotential of 142 mV at a
current density of 10mA/cm® and a Tafel slope of 48.9mV/dec, as
shown in Fig. 9(e). The electronic structure of active edge sites of
Se in MoSe, could be modulated by electron injection from ruthe-
nium deposited on MoSe, nanosheets.'”” The Rh-MoSe, nano-
composite exhibited great performance enhancement with a low
onset potential of 3mV and a quite low overpotential of 31 mV,
which are superior to those of almost all Rh-based and MoSe,-
based electrocatalysts [Fig. 9(f)].

Metallic TMDs exhibit a low charge-transfer resistance, which
could improve the HER performance. Flower-like MoS, sheets with a
high density of exposed edges were grown using chemical vapor depo-
sition, and the as-grown 2H-MoS, was converted to 1T-MoS, via the
lithium intercalation method.'®® 1T-MoS, showed an enhanced HER
activity with a low overpotential of 187 mV and a small Tafel slope of
43mV/dec compared to those of 2H-MoS,. This is because the
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TABLE Il. Various 2D materials and their HER performances.
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Onset overpotential Overpotential Tafel slope
2D material category Material (mV) @ 10 mA/cm? (mV) (mV/dec) References
TMDs S-rich MoS, 135 48 164
1T-MoS, 175 41 200
1T-MoSe, 60 179 78 175
1T-MoSe, 152 52 174
ReSzu,x)Ser 32 84 50.1 172
1T-WS, 142 70 180
1T-VS, 43 36 181
1T-VSe, 70 126 59 182
1T-WTe, 57 184
1T-TaS, 106 196 85 185
MoSSe 49 140 40 171
ReS, . 147 69 170
Rh-MoSe, 3 31 40 167
P-doping CoSe, 31 104 69 165
MoSe,/SWCNTs - 100 63 176
MoSe,/MoO,/Mo 60 142 48.9 166
MXenes Mo,CT, 283 82 100
Ti,CT, 609 138 100
Ti,CT, 170 100 98
Co>"-Cr,CT, 425 112 90
CoP@MXene 220 298 58 196
NiFe-LDH/MXene/NF 190 229 44 197
Ti;C,T, 75 169 97 198
Pt/Ti5C,T,-550 32.7 32.3 199
Pt Ni@Ti;C,T, 18.55 13.37 200
TBA-Ti;C,T,-Pt-20 55 65 201
Ruga-N-S-Ti;C, T, ~0 76 90 202
P3-V,CT, 28 163 74 203
Co-MoS,/Mo,CT, 112 82 205
TiO,C@CN 050 254.5 60 207
Black phosphorus MoSe,-BP 200 380 97 208
Graphene Co@N-doped graphene 13 70 64 209
LDH Ni-Mn-LDH/g-C5N, 147 50 210

metallic 1T-MoS, exhibits a low charge-transfer resistance relative
to that of the as-grown 2H-MoS,. It was shown that the high
purity 2D layered metallic-phase 1T'-MoX, (X=S§, Se) bulk crys-
tals could be synthesized.'”” A remarkable HER performance on
the basal plane of 1T'-MoS, was observed, with an onset overpo-
tential of 65 mV and an overpotential of 400 mV at a current den-
sity of 607 mA/cm?®, which is among the best in MoS,-based
electrocatalysts, as shown in Figs. 10(a) and 10(b). Such an excel-
lent HER performance originates from the higher catalytic activity
on the basal plane and better charge transport character of 1T’-
MoS, compared to 2H-MoS,. In addition, high electrocatalytic
HER activity was found in 1T'-ReS, with a low overpotential of
147 mV at a current density of 10mA/cm?,'”’ which exceeds that
of MoS, through the activation/optimization technique, exhibiting

the charge engineering optimizing effect of the Re-Re bond [Figs.
10(c) and 10(d)]. Noted that a general and facile method is demon-
strated for high-yield, large-scale production of 1T-phase single-
layer TMD nanodots with high-density active edge sites and clean
surface, including MoS,, WS,, MoSe,, Moy sWy 5S,, and MoSSe.
The proposed method gave rise to a significant enhancement in
electrochemical HER performances as compared to their corre-
sponding nanosheets.'”' Impressively, the obtained MoSSe nano-
dots may result in a low overpotential of 140 mV at a current
density of 10 mA/cm?, a Tafel slope of 40 mV/dec, and excellent
long-term durability. The experimental and theoretical results sug-
gest that the excellent catalytic activity of MoSSe nanodots is
resulted from the high-density active edge sites, high-percentage
metallic 1T phase, alloying effects, and basal-plane Se-vacancies
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FIG. 9. (a) Schematic illustration of the P-assisted phase transition from cubic phase CoSe; to orthorhombic phase CoSe;|P through an annealing process. Violet, green, and
pink balls correspond to Co, Se, and P atoms, respectively. (b) Polarization curves for the HER on c-CoSe,, annealed ¢-CoSe;, 0-CoSe,|P, and commercial PYC.'*
Reproduced with permission from Zheng et al., Nat. Commun. 9, 2533 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution 4.0 (CC BY)
International License. (c) Schematic of the top (upper) and side (lower) views of MoS, with strained S-vacancies on the basal plane. (d) Individual and combined effects of elas-
tic tensile strain and S-vacancies on the HER activity of monolayer MoS,.'"*” Reproduced with permission from Li et al., Nat. Mater. 15, 48-53 (2016). Copyright 2016 Springer
Nature Publishing. (€) The polarization curves of MoSe,/MoO,/Mo, MoSe,/Mo, MoO,/Mo, Mo foil, and commercial Pt/C.'®® Reproduced with permission from Jian et al., Small
14, 1703798 (2018). Copyright 2018 Wiley-VCH. (f) Schematic illustration of the synthesis process of the Rh-MoSe, nanocomposite.'” Reproduced with permission from Liu
et al., ACS Sustainable Chem. Eng. 6, 9137-9144 (2018). Copyright 2018 American Chemical Society.

[Fig. 10(e)]. A series of 1T’-phase ReS,,Ses(;_x) (x =0-1) nanodots
were synthesized to achieve high-performance HER in acid
medium by combining chemical vapor transport and Li-intercala-
tion.'”” The 1T’-phase ReSSe nanodot exhibited high hydrogen
evolution activity, with a low overpotential of 84 mV and a Tafel

slope of 50.1 mV/dec at a current density of 10 mA/cm®. The excel-
lent hydrogen evolution activity is relevant to the optimal hydro-
gen absorption energy of the active site induced by the asymmetric
S vacancy in the highly asymmetric 1T’ crystal structure, as shown
in Fig. 10(f).
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(2018). Copyright 2018 Springer Nature Publishing. (c) Comparison of 1710-AGy, for TMDs with sole activation and optimization by varied techniques. (d) Polarization
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4486-4493 (2018). Copyright 2018 American Chemical Society. (e) Polarization curves of MoSSe, MoS,, Mo sW 5S,, WS,, MoSe; nanodots, and commercial Pt/
C.'"" Reproduced with permission from Tan et al., Adv. Mater. 30, 1705509 (2018). Copyright 2018 Wiley-VCH. (f) Polarization curves of the bulk ReSSe, ReS,,
ReSSe, ReSe, NDs, and commercial Pt/C.'"* Reproduced with permission from Lai ef al., J. Am. Chem. Soc. 140, 8563-8568 (2018). Copyright 2018 American

Chemical Society.
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Other TMD materials such as WSe,' "~ MoSe,, "’
MOSZ(I-X)Ser)ITS WSZ’IT‘),ISO VSZ,ISI VSez,m‘) COSZ,ISS WTCZ,IM
Ta$S,, " PdTe,,"® and PtTe,'®® have also been found to be active for
electrocatalytic HER.

B. MXenes

Taking advantage of the special catalytic property on the basal
planes, a new and intriguing family of 2D transition metal MXene has
been adopted as a promising electrocatalyst. Efforts and improvements
have been invested in surface engineering, and the electrode design
was theoretically and experimentally evidenced by their improvement
theoretically and experimentally. Seh et al. conducted a computational
screening study of 2D layered Mo,CT, and Ti,CT, by DFT.'”’ With
the combination of experimental synthesis and theoretical calculation
of Mo,CT,, it suggested that basal planes of Mo,CT, were catalytically
active in HER. The unique electrocatalytic characteristics are different
from the TMDs. For example, HER likely occurred at the edge sites of
the 2H phases of MoSy; thus, the characteristics render a special elec-
trocatalytic activity for MXene in HER."*”'** Moreover, Pandey et al.
used DFT to investigate the combined stability and activity analysis of
72 different MXenes and anticipate the nonprecious MXenes (e.g.,

(a)

scitation.org/journal/are

Cr,CO,, CryC;0,, and Nb,NO,) as promising candidates for HER
electrocatalysts.*” For most of the MXenes, except Ti-based MXene,
the F-functional group exhibited less favorable stability under HER
conditions. On the other hand, the effect of the oxidation process is
generally positive for the HER activity of the MXene, excluded from
W-based MXenes whose HER activity was degraded due to the oxida-
tion process.'”’

Introducing transition metals'”' and N-doped graphene'” into
MXene is considered as an efficient strategy to lower the Gibbs energy
for HER activity. Promoters (Ni, Co, and Fe) are capable of lowering
the H-O bonding on the MXene effectively, and the ions attached to
different active sites result in a diverse AGy. The most optimized
atomic dispersion on vanadium carbide is one TM ion on the top site
of surface O atoms connected to 3 V atoms. The calculation also sug-
gested that promoters could sufficiently increase the number of elec-
trons that donated the O atoms. Benefited from the large Bader charge
of TM-V,CO MXene, the electrons from TM will take the ¢* occu-
pancy, resulting in a weakened H-O bond and lowered AGy value.
Very recently, our group developed a universal method to synthesize
HF-free MXenes [Fig. 11(a)] and demonstrate their electrocatalytic
activity.”” The research first depicts the relationship between electroca-
talytic activity and the pseudo-capacitance, where the capacitive
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FIG. 11. (a) High-magnification SEM images of the HF-free MXene. (b) The kinetics analysis of the various HF-free Ti,CT, MXenes as a mechanism study. (c) The contribution
of the capacitive and diffusion-controlled capacitance of Co®*-Ti,CT, for HER. (d) The anodic-going iR corrected linear sweep voltammetry (LSV) of Co>*-MXenes for HER
activity.” Reproduced with permission Pang e al., J. Am. Chem. Soc. 141, 9610-9616 (2019). Copyright 2019 American Chemical Society.
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capacitance affects the HER activity directly due to the hydrogen cov-
erage [Fig. 11(b)]. By the synergetic effect of the Co’™ ions and the
pristine electrochemically etched MXene, the HER overpotential of the
TM ion terminated electrocatalyst is effectively reduced by 110 mV
[Figs. 11(c) and 11(d)]. The work opens up an opportunity of the HF
free MXene on the electrocatalytic application. Nonetheless, further
investigation of the working mechanism of the HF-free MXene is
needed along with the desired optimization on the synthesis method
for the later research.

With high electrical conductivity, hydrophilicity, porosity, and
stability, the functionalized-MXenes possess widespread applications
in energy storage.””'”* However, intersheet aggregation found in the
MXenes via vdW force and hydrogen bonds'*” may restrict their func-
tionalities, processability, and performance in MXene-based materials/
devices. Therefore, MXene with a unique 3D architecture (3D Ti;C,-
MXene) was fabricated by ultrasonic atomization of the MXene colloi-
dal solution into aerosol dropletsl% such that the active surface area,
charge-transfer kinetics, and mass diffusion rate of the 3D Ti;C,-
MXene were efficiently increased. The 3D Ti;C,-MXene was also

scitation.org/journal/are

coupled with the CoP nanocrystal and had a good HER activity with a
low overpotential of 298 mV at a current density of 10mA cm %
The boosting effect of the 3D architecture is evidenced for the MXene
[Fig. 12]. Beneficial from their hierarchically porous structure and the
hydrophilic feature, the microporous 3D MXene framework is capable
of conjugating to the nickel-iron layer double hydroxide and resulting
in an accelerating hydrogen evolution at high current density.””
Importantly, the synergetic effect facilitates the boosted ion transfer
kinetics of the electrode and enables a fast discharge reaction Volmer
reaction in the water spitting process. Taking advantage of the enhanc-
ing water adsorption/activation on the catalyst, the composite exhibits
a low overpotential of 132mV at a scan rate of 10 mV/s. Notably, the
catalyst demonstrated a superior performance at a high current density
of 500 mA/cm? at an overpotential of 205 mV, while the Pt/C catalyst
required a higher overpotential of 366 mV. An appropriate architec-
ture design not only enhances the coupling ability of the MXene but
also achieves a favorable performance in HER activity. A novel
method was proposed to prepare uniform MXene nanofibers by
“shearing” the MAX phase materials with KOH first and then

0.
N .
£ 0- (C) (d) — CoP@3D Ti,C,-MXene
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FIG. 12. (a) and (b) SEM images of the CoP@3D TizC,-MXene architecture. (c) The iR-corrected polarization curves and (d) Tafel plots of CoP@3D TisC,-MXene,
CoP@TisC,-MXene, CoP, and PY/C catalysts for HER.'*® Reproduced with permission from Xiu et al., ACS Nano 12, 8017-8028 (2018). Copyright 2018 American Chemical

Society.
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followed by HF etching.'”® The MXene nanofibers had a low overpo-
tential of 169 mV at a current density of 10 mA cm ™2,

It is noted that the chemical and physical properties of
MZXenes largely depend on the surface functional groups. Recently,
the Ti,CT, nanosheet with rich F-termination was prepared by
annealing in vacuum to remove -O/-OH groups (Fig. 13).”* With
reduced charge-transfer resistance and subsequently boosted elec-
trode kinetics toward HER, these annealed-Ti,CT, nanosheets had
a lower onset potential and reached a specific current density of
10mA cm ™2 at 170 mV, in comparison to the alkalized-Ti,CT,
nanosheets (with lower -F coverage). Moreover, the DFT calcula-
tion suggested that the increase in terminated F atoms not only
decreased AGyy, an effective descriptor of HER performance, but
also increased the proton adsorption kinetics, which showed the
promises of MXene in HER.”® These works thus provide new
insights into the functional group-induced properties of the
MZXene and establish a solid framework to the application of
functionalized-MXene in hydrogen evolution.
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C. Composites

Coupling between the electrocatalytic active material and MXene
is an essential strategy to boost the HER activity. Recently, the in situ
Pt;Ti nanoparticles on 2D MXene are employed to provide an exten-
sive study on the effect of the novel metal in MXene.'”” A facile
annealing route was adopted instead of the traditional chemical co-
reduction method used to overcome the challenge for the synthesis of
Pt-based intermetallic compounds. Followed by the comprehensive
investigation of the temperature and the composite ratio, Pt/Ti;C,T,-
550 holds an exceptional catalytic performance for HER. Accordingly,
the catalyst exhibits a low overpotential of 32.7 mV at a current density
of 10mA/cm® with a small Tafel slope of 32.3 mV/dec. Atomic cou-
pling of the novel metal on the MXene may not only reduce the cost
but also hold the benefits of the shorten diffusion length of the nano-
material. Coupling the PtNi nanowire to the MXene offers more active
sites and exhibits a record-breaking performance of low overpotential
of 18.55 mV with a small Tafel slope of 13.37 mV/dec.”” Direct intro-
duction of the Pt nanoparticles at the atomic scale contributes a

(b)

(d) or,

——commercial Pt/C
0.6 4 —Ti,CT_nanosheets >
|—1ayered Ti.CT
w 0.54 2 %
T | pristine Ti AlC 163 mVidec
» 0.4
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FIG. 13. (a) The SEM and (b) atomic force microscopy image of the layered Ti,CT,. (c) The LSV curves for Ti,CT, with different morphologies and (d) the corresponding Tafel
plots.”® Reproduced with permission from Li et al., Nano Energy 47, 512-518 (2018). Copyright 2018 Elsevier.
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promising catalytic activity in HER.”" Taking the negatively charged
TBA treated MXene nanosheet as a support, the interaction through
the electrostatic force can provide a uniform distribution of Pt. By
means of treatment of the wet impregnation and the photo-induced
reduction process, TBA-Ti;C,T,-Pt-20 manifests an overpotential of
55mV at a current density of 10 mA/cm? corresponding to a low Tafel
slope of 65 mV/dec. Owing to the coupling favorable ability, MXene
serves as a host to a ruthenium single atom catalyst with coordinated
with nitrogen and sulfur elements.””” With the combination of the
structural spectroscopy and the TEM investigation, the atomic disper-
sion of Ru on MXene is revealed, rendering a superior activity toward
the HER. Accordingly, the Ruga-N-S-Ti;C, T, catalyst exhibits a low
overpotential of 76 mV and achieves a current density of 10 mA/cm’.

Adjacent to the utilization of the precious metal (e.g., Pt), the
heat treatment with a polymer of triphenylphosphine (TPP) also pro-
vides an impressive enhancement in the HER activity. The phospho-
rous species lower the Gibbs free energy of the MXene to manifest a
low overpotential of 163 mV at a specific current density of 10 mA/
cm” with a Tafel slope of 74 mV/dec.””” Through theoretical calcula-
tion and experimental investigations, the contacting of MoS, to
MXene is evident to vanish the p-type Schottky barrier and result in
an enhanced HER.”"* By the in situ conversion of MoS, on the Co-
doped Mo,CT, MXene, the novel Co-MoS,/Mo,CT, shows a low
overpotential of 112 mV at a current density of 10 mA/cm? along with
a long-term stability of 18 h in alkaline media.””

The graphene/Ni;Se,/CosSg composite was constructed owing to
the advantage of the novel 3D hybrid structure, large surface area,
highly conductive graphene support, and synergistic effect. The com-
posite exhibits outstanding electrocatalytic activity with an overpoten-
tial of 0.17V at a current density of 20 mA/cm®. According to the
experimental results and theoretical calculations, the excellent electro-
catalytic activity of the graphene/Ni;Se,/CooSg composite results from
the unique 3D hierarchical structure, coupling interactions, and inter-
face reconstruction, which causes the lower energy barrier of hydrogen
desorption for the water splitting.””®

V. SUMMARY AND PERSPECTIVES

Great efforts have been devoted to the design and construction of
TMD and MXene based advanced electrode materials for developing
high-performance electrochemical energy storage and conversion devi-
ces. Electrochemical energy devices in terms of supercapacitor and water
splitting are a rapidly evolving thrust area where these materials show
great potential to compete with the traditional energy materials.
Specifically, the relevant properties of MXenes for energy storage and
conversion applications can be optimized by the control of concentration
of the etchant, selections of architecture design, and composites. The
electrochemical behavior of MXene can be adjusted by modifying the
concentration of the etchant determining the interlayer water and func-
tional groups (-O, -OH, and -F). A rich -F terminated MXene shows an
enhanced HER activity when compared to the -O/-OH rich MXene. The
architecture design with a large surface area may provide more active
space on the MXene, and accordingly, the design can improve the HER
activity and electrochemical capacitance of the MXene. However, the
limited ion accessibility and the restricted active site may hinder the
development of the pristine 2D material. Furthermore, the combination
of a 2D material with a large volume material can effectively prevent the
restack issue of the 2D material. Thus, a synergistic effect of large area

scitation.org/journal/are

architecture and coupling an electrochemically active material (CoP, acti-
vated carbon and p-C;N,) to the MXenes can lower the overpotential of
the MXene catalyst at a specific current density and hence increase the
gravimetric/volumetric capacitance. Aside from the -F-based etching
method, the alkali-assisted hydrothermal and electrochemically etching
methods of producing MXene from the MAX phase have also shown a
successful extraction of the “A” layer. Such novel -F free synthesis meth-
ods not only pave the way for producing MXene via a non-toxic route
but also bring challenges with tunable surface terminations. Additionally,
new 2D materials with different atomic arrangements and compositions,
such as order double MXene, are not fully investigated at the current
stage. The later investigations may provide an opportunity for new
device and electrochemical applications.

Still, there are some underlying surface-kinetics related mechanisms,
which are unclear and desirable for further study. Using the combination
of the theoretic calculation such as DFT and experiment investigations,
the challenge on the development of 2D material-based devices is to be
alleviated. Thus, further investigations in understanding the electrochemi-
cal mechanism and controlling the ion transfer kinetics are urgently
needed to achieve a high-power supercapacitor and efficient electrocataly-
sis for water-spitting. Such approaches offer a practical guide for improv-
ing the performance and exploring possible composites for TMD and
MXene supercapacitors and electrocatalysts. On the other hand, 2D
materials have demonstrated enormous promising applications for high-
performance electrochemical energy devices, such as 2D transition metal
oxides/hydroxides, single-element 2D materials, and 2D conductive poly-
mers. The selection from the booming combinations is vital for the
expanding study on the 2D material. Hence, the formed composites with
the combination of these 2D materials may collect their respective merits,
which could provide a solution for the development of 2D materials in
high-performance electrochemical energy device applications.

Nevertheless, concerns are aroused due to the rapidly expanding
study on the 2D material hybrid.”"" To avoid one-way development of
combining 2D materials with electrochemically active materials,
researchers need to consider a novel pathway of enhancing pure 2D
materials and investigation of the underlying mechanism. On the other
hand, engineering on the pristine 2D material is essential for alleviating
the common issue of the vdW force driven restack of the 2D material.
Inspiringly, the morphology engineering and the surface functional
group modification for the non-treated 2D material have shown the
advances in electrochemical properties according to our group’s most
recent report and other teams’ earlier studies.”*'”**'* By the enhanced
active site and double layer capacitance, the electrochemical perfor-
mance reaches the highly desirable value, which is close to that
obtained by the theoretical calculation. Such research advances not
only reveal the new possibility of the pristine 2D material but also are
inspirational to future research studies due to their universally applica-
ble strategy. It is believed that the theoretical simulation and effective
mechanism study on the 2D material will facilitate further understand-
ing of fundamental principles to improve the device’s performances
and open up a new era for electrocatalysts and supercapacitors.
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