7 ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online
View Journal | View Issue

REVIEW

Recent advances in two-dimensional

- nanomaterials as bifunctional electrocatalysts for
Cite this: J. Mater. Chem. A, 2023, 11, . .

18502 full water splitting

l '.) Check for updates 1

Cui Xu,? Mengyang Zhang,? Xianjun Yin,? Qiar& Gao,? Shuai Jiang,? Junye Cheng,®
Xin Kong,*® Bin Liu ©* and Hui-Qing Peng © *2

Two-dimensional (2D) nanomaterials are some of the most promising bifunctional electrocatalysts that can
simultaneously catalyze the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). They
have attracted extensive attention owing to their decent electrocatalytic performance and cost advantages.
In this review, we first provide an overview of 2D bifunctional electrocatalyst categories including layered
double hydroxides, graphitic carbon nitride, metal-organic frameworks, transition metal
dichalcogenides, and transition metal carbon/nitrogen compounds, and discuss their structures and
synthesis methods, presenting detailed discussion on how the special 2D systems are synthesized and
characterized experimentally, which complement a comprehensive understanding of the characteristics
of 2D bifunctional electrocatalysts. Moreover, we focus on the recent development of 2D nano-catalysts
with both HER and OER activity in the field of overall water splitting and summarize some typical
strategies for enhancing the bifunctional activities, including doping, nanocomposite construction,
interface formation, defect engineering and morphology modulation. The structure—activity relationships
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Accepted 27th July 2023 are also discussed with the aim of providing guidance in designing novel 2D bifunctional electrocatalysts.
Finally, we explore some of the challenges and perspectives that remain in this rapidly growing field. We
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believe that the systematic and comprehensive contents of this review will stimulate wider research and
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1. Introduction

With a growing population and rapid economic development,
the global energy demand will continue to grow in the future.
Fossil fuels (coal, oil, natural gas, etc.) have always been the
main energy source for the global economy and society due to
their high energy and easy access.! However, the overuse of
fossil fuels has caused serious energy crises and environmental
pollution. Therefore, it is significant to develop and utilize clean
renewable energy to substitute conventional energies.*
Hydrogen is a renewable, clean, zero-carbon-emission
secondary energy. At present, most hydrogen is produced
from fossil resources through steam reforming processes,
which increases the consumption of fossil fuels and emissions
of carbon dioxide. Among the developed technologies,
producing molecular hydrogen from cheap and plentiful water
through electrolysis technology has been widely regarded as
a promising approach due to its simple conversion process,
cleanliness, flexibility and high purity of hydrogen produc-
tion.>* Although water electrolysis technology has been devel-
oped and applied in the two centuries since it was first
reported,>® its widespread application is limited because of its
high energy consumption and high cost.” The electrolytic water
splitting reaction includes two half reactions: cathodic
hydrogen evolution reaction (HER) and anodic oxygen evolution
reaction (OER).® Depending on the reaction environment
(acidic, neutral or basic), the two half-reactions of water elec-
trolysis can be expressed in different ways as shown in Fig. 1.

In alkaline/neutral solution:

40H ———> O, +2H,0 +4de

4H,0 + 4& —> 2H, + 40H"

2H,0 ——> 2H, + 20,

In acidic solution:

2H,0 —> O, +4H* + de

4H* +4e —>  2H,

2H20 _—> 2H2 + 202

Fig.1 The schematic of water splitting reactions under acidic, neutral
and alkaline conditions.
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Under standard conditions (25 °C and 1 atm), the AG of the
water splitting reaction is 237.1 kJ] mol™', corresponding to
a thermodynamic potential of 1.23 V.° However, the adverse
factors of electrode materials (such as activation energy and ion
and gas diffusion) and device-related factors (such as solution
concentration, wire and electrode resistance, electrolyte diffu-
sion blockage, bubble formation, and heat release) result in
a large overpotential during electrolysis. Therefore, the actual
potential of water electrolysis is always far higher than the
theoretical minimum value (commercial cells usually work at
a voltage of 1.8-2.0 V). Therefore, exploring suitable catalysts
to reduce the reaction overpotential and increase the reaction
rate and thus the total electrolysis efficiency is the current
research direction. An ideal catalyst for water electrolysis must
meet two basic requirements. First, the catalyst must be highly
active and have a minimum overpotential to produce a high
current density. Second, the catalyst must have long-term
stability. Hence, the development of electrocatalysts possess-
ing high activity and stability will be favorable for the
advancement of the large-scale applications of electrolysis-
related technologies. Earlier, Pt was used for the HER, while
RuO, and IrO, were used for the OER.**** However, their scar-
city, high cost and non-bifunctional properties hamper the
application in large-scale water splitting. In most of the cases,
the electrocatalysts show high HER performance but worse
performance for the OER in acidic medium, and high OER
performance but inferior performance for the HER in alkaline
medium.* At the same time, to meet the practical application
requirements, the HER and OER should be carried out in the
same electrolyte utilizing a single catalyst to achieve full water
splitting. However, the current prevailing water splitting
requires the integration of two types of catalysts that are espe-
cially suitable for the HER and OER, respectively. Such
a combination is usually incompatible and thus results in
a poor overall performance. Therefore, the development of
bifunctional catalysts, which are highly active for both the HER
and OER, is of prime importance for full water splitting.
Two-dimensional (2D) nanomaterials are regarded as some
of the most promising electrocatalysts for the HER and OER."7"**
The significance and irreplaceability of 2D nano-catalysts can be
demonstrated as follows: (1) 2D nanomaterials have high
specific surface areas (maximal surface to bulk ratio), copious
surface and edge-exposed sites, high morphological anisotropy,
tunable chemical composition, and unique electronic structure;
(2) most 2D catalysts could serve as ideal platforms to couple
with other materials or substrates compared with the bulk
catalyst; (3) 2D catalysts can be easily activated and optimized
for enhanced activity by some activation strategies; (4) 2D
catalysts can be used as an ideal model to investigate the rela-
tionship between the exposed active sites and the catalytic
activity, revealing the catalytic mechanism. In 2004, Geim and
Novoselov isolated graphene for the first time by stripping
graphite.” Since then, researchers have discovered a series of
2D nanomaterials with similar layered structural characteris-
tics, including layered double hydroxides (LDHs), graphite
phase carbon nitride (g-C3;N,), 2D metal-organic frameworks
(MOFs), transition metal dichalcogenides (TMDs) and
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transition metal carbon/nitrogen compounds (MXenes) and 2D
metal nanomaterials, which have attracted extensive research
interest in electrocatalytic due to their unique surface chemistry
properties and high specific surface area. With the development
of electrocatalysts used for water electrolysis, 2D nanomaterials
have been found to be electrocatalytically active toward the OER
or HER. In particular, 2D bifunctional catalysts that can
simultaneously catalyze the HER and OER (i.e., full water
splitting) have attracted extensive attention because of their
decent catalytic performance and cost advantage. In spite of the
great advances, no review is available that is exclusively dedi-
cated to introducing the advances in 2D nanomaterials as
bifunctional electrocatalysts for full water splitting, with
a particular emphasis on activation strategies for improving
bifunctional catalytic activities so far. Moreover, the catalytic
activity origin of electrocatalysts is unclear due to the frequent
lack of deep insights into the catalytic reaction mechanism at
the atomic level, and especially the discussion of the effect of
their electronic structure and morphology on catalytical prop-
erties is still limited.>*?® Thus, we would like to make
a comprehensive summary and induction of the progress of 2D
electrocatalysts used for overall water splitting (considering
the relatively limited reports on 2D metal nanomaterials as
bifunctional electrocatalysts,*”~*° this review does not introduce
it detail), so as to provide reference and guidance for
researchers in related fields.

In this review, we will first provide an overview of 2D bifunc-
tional electrocatalyst categories, including layered double
hydroxides, graphitic carbon nitride, metal-organic frameworks,
transition metal dichalcogenides, and transition metal carbon/
nitrogen compounds, and discuss their structures and synthesis
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Fig. 2 The schematic picture showing two-dimensional nano-
materials about their structures, synthesis methods and activation
strategies in the field of overall water splitting.

18504 | J Mater. Chem. A, 2023, 11, 18502-18529

View Article Online

Review

methods, presenting detailed discussion on how the special 2D
systems are synthesized and characterized experimentally which
will complement a comprehensive understanding on the charac-
teristics of 2D bifunctional electrocatalysts. Then, we will
summarize the effective activation strategies of 2D bifunctional
electrocatalysts including doping, defect engineering, nano-
composite construction, interface formation and morphology
engineering (Fig. 2). Meanwhile, the relationship between the
structure and performance of 2D catalysts will be discussed.
Finally, perspectives on the challenges and opportunities in
developing new 2D cost-effective and high-efficiency bifunctional
electrocatalysts for practical applications will be outlined, which
will provide valuable insights for the development of novel 2D
bifunctional electrocatalysts with high performance.

2. Structure of two-dimensional
nanomaterials
2.1 Layered double hydroxides (LDHs)

LDHs are a class of 2D anionic clay materials, which is a general
term for hydrotalcite and hydrotalcite like compounds. As shown
in Fig. 3a, their general expression is [M>";_ M,**(OH),[*[Ay," -
mH,0," where M>" and M*" represent the metal cations respec-
tively, and m represents interlamellar water volume. A,,,,"” is the
intercalation anion, and the x value is equal to the mole ratio of
M>"/(M>*+M*"), and the x value ranges from 0.2 to 0.33. In terms
of expression, LDHs are mainly composed of three parts: main
laminate, interlayer anions and solvent molecules. The main
laminate is composed of divalent metal cations M>" (Ca>*, Fe**,
Mg>*, Zn*", etc.) and trivalent metal cations M*>* (Fe?*, Ni**, Ti**,
Cr*, etc). The interlayer is mainly occupied by intercalated
anions (OH~, NO;~, CO;>~, HCO; ™, etc.), and solvent molecules
are mainly water molecules between the main laminates.*
Generally speaking, M>" and M** metal ions are the active sites in
catalytic reactions of LDHs.*** LDHs with different properties
and functions can be obtained by adjusting the type of metal
cation, the mole ratio of M>*/M>" and the anions in solution.
LDHs have attracted great interest in energy storage/conversion,
chemical sensing, magnetism, optics, biomedical science, and
other fields due to their tunability of composition and the
structure, simplicity of the synthesis process and uniqueness of
physical and chemical properties.*** At present, many kinds of
LDHs are successfully applied in the catalytic electrolysis of water
reaction and show good results due to their excellent electrical
conductivity and structural stability. Since 2009, there has been
an explosion of publications on LDH-based materials employed
as efficient electrocatalysts.***' In order to promote the perfor-
mance of LDH-based electrocatalysts, some strategies including
modification of carbon materials, defect engineering, and
loading of noble metals could be adopted, which will be dis-
cussed in a later chapter.

2.2 Graphite phase carbon nitride (g-C3N,)

g-C3N,, a metal-free polymeric material, is one of the oldest 2D
materials in the record of scientific literature, and has a high
nitrogen content and similar planar structure to graphene.* Its

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The schematic structures of (a) layered double hydroxides (LDHSs). Reproduced with permission from ref. 30. Copyright 2020, Elsevier. (b)
Graphite phase carbon nitride (g-C3N4). Reproduced with permission from ref. 46. Copyright 2017, American Chemical Society. (c) Metal—
organic frameworks (MOFs). Reproduced with permission from ref. 56. Copyright 2016, Springer Nature. (d) Transition metal dichalcogenides
(TMDs). Reproduced with permission from ref. 61. Copyright 2012, Springer Nature. (e) Transition metal carbon/nitrogen compounds (MXenes).
Reproduced with permission from ref. 66. Copyright 2015, American Chemical Society.

history can be traced back to 1834, when Berzelius successfully
synthesized a carbon nitride compound, which was named by
Liebig. Subsequently, in 1996, Teter et al.** used first-principles
methods to accurately calculate the structure of carbon nitride
compounds and proposed five different crystal structures of
carbon nitride: a-C3;N, phase, B-C;N, phase, cubic C3N, phase,
quasi-cubic C;N, phase and graphite-like C;N, phase. Among
them, the structure of graphite-like C;N, (g-C3N,) is the most
stable. The highly delocalized 7 conjugated system is formed by
sp® hybridization between C atoms and N atoms. Studies have
found that the basic structural units of g-C;N, are two allotropes
of g-C3N,, a triazine ring (C3N3) and a heptazine ring (Ce¢Ny) (as
shown in Fig. 3b).*"*¢ Kroke et al.*” calculated the binding
energy of the heptazine ring unit by first-principles density
functional theory (DFT), and it was 30 KJ mol ", much lower
than that of the triazine ring, indicating that g-C;N, composed
of the heptazine ring was more stable than the triazine ring.
Therefore, the heptazine ring is generally considered to be the
typical structure of g-C;N,. g-C3N, with a heptazine ring as the
structural unit is formed by sp> hybridization, so a 7w conjugated
plane is formed between rings through the connection of N
atoms at the end of the rings, which shows considerable
chemical stability (stable in acids, alkalis, and various organic
solvents), thermal stability (up to 600 °C in air) and an

This journal is © The Royal Society of Chemistry 2023

appealing electronic structure with a suitable bandgap.*® At the
same time, layers are connected by weak van der Waals force.
Thus, g-C;N, has a broad application prospect in the field of
catalysis, triggering a lot of research work.

At present, g-C3N, is widely used in catalytic reactions due to
its advantages of highly active sites, easy preparation, low cost
and excellent photoelectric chemical properties. The applica-
tion of g-C3N, in electrochemical catalysis was first studied in
2009. Lyth et al.*® first demonstrated that g-C3N, had higher
oxygen reduction catalytic activity than carbon black in an
acidic environment, but its ultralow specific surface area and
weak electrical conductivity limited its catalytic activity. After
mixing g-C3N, with carbon black, the specific surface area and
conductivity of the catalyst were improved and the activity was
obviously enhanced. Pure g-C;N, based compounds are not
competitive in the field of electrocatalysis and have low current
densities even at very high overpotentials because of the weak
electrical conductivity. However, the activity of g-C;N, can be
optimized by means of hybridizing with carbon-based mate-
rials, metal or non-metal doping, and regulating the
morphology and nanostructure. Since then, some researchers
began to study modified g-C;N, materials in depth to achieve
enhanced catalytic activity, which had been successfully applied
in water electrolysis to catalyze the HER and OER.

J. Mater. Chem. A, 2023, 11, 18502-18529 | 18505
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2.3 Metal-organic frameworks (MOFs)

A metal-organic framework is a kind of organic-inorganic
hybrid material with intramolecular pores formed by self-
assembly of metal ions or clusters and organic ligands
through coordination bonds.® In layered MOFs, there are
strong in-plane coordination bonds, but weak interactions
between layers (e.g., van der Waals forces and hydrogen
bonding) as shown in Fig. 3c.*> In 1995, Yaghi et al.>* success-
fully synthesized 2D structural MOF materials by reacting the
transition metal Co with 1,3,5-benzenetricarboxylic acid and
proposed the concept of metal-organic frameworks for the first
time. Different from inorganic porous materials and general
organic complexes, MOFs have both the rigidity of inorganic
materials and the flexibility of organic materials, possessing
a designable structure, large channel, and high surface area.
Basically, the metal nodes can serve as active sites for the
catalytic process. Therefore, so far, MOFs have been reported to
be widely used in gas storage, biocatalysis, photocatalysis,
chemical sensing and other fields.*> However, when MOFs are
used in electrocatalysis, the main problems are poor electrical
conductivity and the instability of their own structure caused by
metal nodes surrounded by organic linkers compared with
other 2D nanomaterials.”*** Accordingly, researchers have
made some progress in increasing the electrical conductivity
and stability of MOFs for good electrocatalytic performance by
combining different metal ions or metal clusters with different
organic ligands to adjust the structure.”® Many studies have
shown that 2D MOFs have unique characteristics compared
with gross phase MOFs, which have great potential in the field
of electrocatalysis.***® 2D MOFs allow more active sites to be
exposed on the surface. Due to the lack of organic ligands, the
metal sites on the surface are unsaturated, which greatly
improves the catalytic activity.®® In addition, the ultrathin
structure can provide a short diffusion path and fast electron
charge transfer, further enhancing the catalytic activity. The
diverse and tunable chemical structures of 2D MOFs provide
a convenient way to fabricate a variety of efficient catalysts with
bifunctional catalytic activity by expanding the surface area,
incorporating bimetallic components and combining non-
metallic elements. 2D MOFs also introduce better simplicity
and compatibility for electrocatalytic systems. Despite many
advantages, the research on bifunctional MOF-based catalysts is
still in the initial stage, which faces several challenges in
academic research and industrial applications.

2.4 Transition metal dichalcogenides (TMDs)

Transition metal dichalcogenides are another class of 2D
materials that have been extensively investigated following the
unconventional properties of graphene. TMDs have attracted
extensive attention because of their broad energy application
prospects and striking fundamental properties.®® TMDs can be
described by the chemical formula of MX,, where M refers to
transition metal elements such as molybdenum (Mo), tungsten
(W), niobium (Nb) and rhenium (Re). It is sandwiched between
two chalcogenide X, such as sulfur (S), selenium (Se) and
tellurium (Te) with a thickness of =<1 nm. The atoms are

18506 | J Mater. Chem. A, 2023, 11, 18502-18529
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covalently bonded within each layer (X-M-X), and the indi-
vidual layers are connected together through weak van der
Waals (vdW) forces with +4 state metal and —2 state chalcogen
atoms. Due to the presence of lone pairs of chalcogen atoms
terminating the surface of the layers and the resulting differ-
ence in oxidation states, a significant amount of ionic character
is induced between the metal and chalcogen atoms. MX,
layered structures have three thermodynamically stable struc-
tures: 2H (hexagonal symmetry and triangular prism coordi-
nation, with two layers in each repeating unit), 3R (thombic
symmetry and triangular prism coordination, with three layers
in each repeating unit) and 1T (tetragonal symmetry and octa-
hedral coordination, with one layer in each repeating unit) with
a spacing of 0.7 nm (as shown in Fig. 3d).®* The unique structure
of TMDs can also be visualized from the perspective of two
distinct orientations characterized by surface inertness (basal
planes) and high surface energy (edges), exhibiting anisotropic
properties. It has been revealed that the electrical conductivity
along the layer is =2200 times higher than that across the van
der Waals force gaps between layers, predicting much faster
electron transport at the edges compared to the basal planes.*
Such inherent characteristics of TMDs can give rise to promi-
nently active catalysis in electrocatalytic reactions provided that
the active edges are maximally exposed.®***

2.5 Transition metal carbon/nitrogen compounds (MXenes)

MXene is a new kind of 2D material, which is divided into
transition metal carbide and nitride. In 2011, Gogotsi et al.** for
the first time obtained a 2D layered transition metal carbon/
nitride material (named MX) after selective etching of the A
atom layer in a MAX phase. MAX phases are a large family of
layered ternary transition-metal carbides or nitrides with the
chemical formula M,,.1AX,, (n = 1, 2, or 3), where M is a transi-
tion metal, A is an A-group element (usually IIIA or IVA group),
and X is C or N. Since the M-A bond is weaker than the M-X
bond, the “A” atomic layer can be selectively etched from the
maximum phase using HF. Compared with the crystal structure
of MAX phases, the A atomic layer of MX is missing, and the 2D
structure is similar to that of graphene, so it is named MXene.
There has been an exponential increase in the number of
reports on MXene materials thus far. Researchers have tradi-
tionally defined the general formula for the MXene structure as
M,,.1X, Ty, where n = 1-3, T, represents surface termination
groups, such as -OH, -O, or -F (the structures are shown in
Fig. 3e)* and studies showed that the stoichiometric coefficient
ratios of MXenes are M,X, M;X, and M X; respectively.®”*®
MXene materials have a layered structure with van der Waals
force and hydrogen bonding between the adjacent layers,
a highly adjustable transition metal combination structure and
a large specific surface area. In addition, MXenes also exhibit
excellent charge transfer kinetics meaning good electrical
conductivity compared with other 2D nanomaterials, and the -
OH functional group on the surface can interact with polar
solvents such as water and ethanol, showing good
hydrophilicity.®*”* All of these properties make MXenes an
effective electrocatalyst. As a class of young 2D nanomaterials,

This journal is © The Royal Society of Chemistry 2023
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MXenes feature high electrical conductivity, hydrophilicity, and
adjustable surface properties, and exhibit great potential in
overall water splitting as electrocatalysts. In 2016, Mo,CT, and
TizC,Tx were reported for the first time as HER and OER cata-
lysts, respectively. Since then, the number of MXene papers in
the field of water splitting has increased year by year.”>”*

3. Synthesis method
3.1 Top-down

At present, the methods of synthesizing 2D materials are mainly
divided into top-down and bottom-up methods. Top-down
synthesis is usually the decomposition process of layered or
massive materials under the action of external forces. The key to
this approach is to destroy the van der Waals forces, hydrogen
bonds or m-m stacking between the layered structures, and
further delaminate the layered structures to 2D ultrathin
nanosheets. There are many top-down synthesis methods for
2D nanomaterials, including liquid phase stripping, gas phase
stripping, ultrasonic stripping, mechanical stripping,
intercalation/chemical stripping, etching, etc.

3.1.1 Liquid phase stripping. Liquid phase stripping is one
of the most commonly used methods to prepare 2D nano-
materials. By introducing guest molecules, the interaction
between layers can be reduced. In 2005, Sasaki et al” mixed
Mg,Al-LDH with formamide and successfully separated a large-
size LDH for the first time. Delaminated nanosheets had
a lateral size of several micrometers and a thickness of 0.8 nm, as

View Article Online
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verified by atomic force microscopy (AFM) observation (Fig. 4a).
Formamide is a kind of good interlaminar growth inhibitor, that
can reduce interlaminar interaction and prevent lamellar stack-
ing. Later, Hu et al.” also successfully prepared NiFe, NiCo and
CoCo-LDH nanosheets in formamide (Fig. 4b). Pumera et al.”®
used the liquid stripping strategy to strip bulk MoS, by using
different organic lithium compounds (n-BuLi, Me-Li and #BulLi)
as shown in Fig. 4c. It is revealed that the stripping process of
bulk MoS, was related to the molecular size of the organic lithium
compound. Following the sequence of molecular size (Me-Li < n-
Bu-Li < ¢-Bu-Li), the stripping process was more and more
effective. MoS, produced by n-Bu-Li and ¢-Bu-Li stripping was
more active for the HER than MoS, produced by Me-Li stripping
(Fig. 4d and e). Zhang et al.”” separated ultra-thin g-C3N, nano-
sheets in water by the liquid phase stripping method (diameter of
~70-160 nm and thickness of ~2.5 nm). The nanosheets could be
stably suspended in acidic and alkaline media for one week, and
the density of states of single-layer g-C;N, nanosheets in the
conduction band increased significantly compared with that of
the bulk counterpart. Yang et al.”® also peeled off g-C;N, nano-
sheets with a thickness of ~2 nm using isopropanol as the
medium by using the liquid phase stripping method. In 2015, Lin
et al.” used different proportions of mixed solvents, including
ethanol and water, isopropylamine and water, and N,N-dime-
thylformamide (DMF) and water, to peel the bulk phase of g-C3N,.
It was found that the use of mixed solvent was more conducive to
the preparation of high concentration g-C3;N, nanosheet
suspension. Compared with the bulk, the prepared anisotropic
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(a) AFM image of delaminated MgAl-LDH sheets. Reproduced with permission from ref. 74. Copyright 2005, American Chemical Society.

(b) Schematic representation of LDH nanosheets’ synthesis and structures. Reproduced with permission from ref. 75. Copyright 2014, Springer
Nature. (c) Schematic representation of exfoliation of MoS, with methyllithium, n-butyllithium and tert-butyllithium. (d) Polarization curves and
(e) corresponding Tafel plots for MoS, with different exfoliation media and other control materials. Reproduced with permission from ref. 76.

Copyright 2015, Wiley-VCH.
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Fig. 5 (a) Schematic representation of CoFe LDH nanosheets obtained by Ar plasma exfoliation. Scanning electron microscope (SEM), trans-
mission electron microscope (TEM), and high resolution transmission electron microscope (HRTEM) images of (b—d) the bulk CoFe LDHs and (e—
g) the ultrathin CoFe LDHs—Ar nanosheets. Reproduced with permission from ref. 80. Copyright 2017, Wiley-VCH.

2D nanosheets had a larger specific surface area and more active
sites, which exhibited better OER activity.

3.1.2 Gas phase stripping. The nanosheets obtained by
liquid phase stripping have strong adsorption to solvent mole-
cules, which hinders the exposure of surface active sites and
thus reduces catalytic activity. Moreover, once the solvent
molecules are removed, the nanosheets formed by stripping
may stack again. In this regard, gas phase stripping can over-
come this problem. Wang et al.*® for the first time used Ar
plasma to strip large CoFe LDHs into ultrathin LDH nanosheets
(thickness of ~0.6 nm) (as shown in Fig. 5e-g). Various vacan-
cies (including oxygen, cobalt and iron vacancies) were formed
in the stripping process, which is conducive to regulating the
electronic structure of the material and reducing the coordi-
nation numbers around cobalt and iron atoms (Fig. 5a). This is
beneficial to the adsorption/desorption behavior optimization
of OER intermediates on the LDH surface. Besides, the ultrathin
structure of 2D LDH nanosheets compared with bulk CoFe
LDHs (Fig. 5b-d) also exposes more active sites and significantly
improves the OER activity. Furthermore, Ar plasma stripping is

18508 | J Mater. Chem. A, 2023, 1, 18502-18529

not only clean, efficient and non-toxic, but also can obtain
stable nanosheets in a powder state.

3.1.3 Ultrasonic stripping. Ultrasonic stripping is one of
the simplest methods to obtain high quality 2D nanomaterials.
In the ultrasonic stripping process, the original bulk material in
a specific solvent is exposed to ultrasonic waves, resulting in the
acoustic cavity effect. The continuous nucleation, growth and
collapse of bubbles provide enough energy to break the inter-
planar forces within the 2D material to achieve stripping. In
2008, Nielsen et al.®' first used ultrasonic vibration to peel
metal-organic compounds. The weak interlayer interaction can
be easily overcome by ultrasonic stripping to peel MOFs into 2D
nanosheets. Then, a series of MOFs were successfully stripped
into nanosheets, including [Cu,Br(IN),] N (IN = isonicotinic
acid) nanosheets® and Zn,(BIM), (BIM = benzimidazole)
nanosheets.** Zhao et al.** synthesized ultrathin NiCo bimetal-
MOF nanosheets via ultrasonication exfoliation, showing an
outstanding OER catalytic activity (overpotential of 250 mV at 10
mA cm ™ ?), much smaller than that of the bulk MOF counterpart
(317 mvV). In 2014, Xie et al.*® prepared CoSe,/DETA ultrathin

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Schematic of the formation of vacancies in CoSe, ultrathin nanosheets. Characterization of CoSe, ultrathin nanosheets: (b) TEM
image; (c) AFM image; (d) HRTEM image. Reproduced with permission from ref. 85. Copyright 2014, American Chemical Society.

layered nanosheets (about 1.4 nm) (Fig. 6b—d) by the ultrasonic
stripping method (as shown in Fig. 6a). In the experiment,
CoSe,/DETA was dispersed in ethanol and ultrasonically treated
with ice water for 12 h. Studies found that vacancy formation
was closely related to the synthesis process. Ultrasonic treat-
ment could enable DETA to separate Co atoms from the lattice
due to the existence of coordination bonds between Co atoms
and DETA and form Co vacancies, which could be used as active
sites for effective adsorption of H,O molecules, thus signifi-
cantly improving the catalytic performance of the OER. Subse-
quently, Kim et al® prepared a series of TMD nanosheets
(MoS,, WS,, TaS, and TiS,) with about several hundred nano-
meters in size using a similar method and applied them in the
HER. Although the ultrasonic stripping method is easy to
operate, it also has some disadvantages, such as low yield and
limited application range (it is generally only suitable for the
structures with weak interlayer interaction).®”*®

3.1.4 Chemical stripping. The ultrasonic stripping is only
applicable to the materials with weak interlayer interaction.
However, the interaction force of some materials in the vertical
direction is very strong, and simple ultrasonic treatment cannot
achieve efficient results. Therefore, the chemical stripping
method is explored. Monolayer g-C3N, nanosheets were
prepared by the chemical exfoliation method.** During the
exfoliation process, H,SO, entered the interlayer of bulk g-C;N,,
and a single layer of g-C3N, nanosheets with a thickness of
about 0.4 nm (Fig. 7b and c) and a radial size of several microns
was obtained (Fig. 7a). The yield of the prepared g-C3N, nano-
sheets was up to 60% using such a method, and the specific

This journal is © The Royal Society of Chemistry 2023

surface area of the obtained monolayer g-C;N, nanosheets was
about 205.8 m” g~ ', which was about 50 times that of bulk g-
C3N4 (4.3 m”> g™ ).

Song et al.*® obtained MnDMS nanosheets from a flexible
ligand 2,2-dimethylsuccinate and Mn ions. The MnDMS nano-
particles could be obtained by simple ultrasonication of
a MnDMS crystal, which could then be exfoliated into ultrathin
nanosheets by lithium-ion intercalation. Huang et al.®* devel-
oped an electro-chemical/chemical exfoliation strategy to
prepare ultrathin 2D Co-MOF nanosheets as an efficient OER
electrocatalyst. Chemical exfoliation is also generally suitable
for stripping bulk TMDs with organolithium compounds such
as butyllithium (BuLi),”>** methyllithium (MeLi),** or lithium
borohydride (LiBH,)* as intercalation reagents (Fig. 8a—e). In
these studies, Jin et al.®® converted 2H-MoS, multilayered
semiconducting nanostructures into 1T-MoS, polycrystalline
nanosheets by soaking them in n-butyl lithium solution at room
temperature for 6-48 hours (Fig. 8b). Due to the electron
transfer of the embedded Li, the original triangular prismatic
2H-MoS, structure was destroyed, which was conducive to the
octahedral coordination of Mo atoms, thus achieving the tran-
sition to the 1T phase. Then, by reacting the embedded lithium
with excess water to produce hydrogen, the nanostructures were
stripped away, thereby separating the two-dimensional
nanosheets.

3.1.5 Mechanical stripping. Mechanical stripping is also
a common method for preparing 2D layered nanomaterials. For
the first time in 2004, Novoselov et al.*® used the mechanical
stripping method to successfully shed the high directional
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Fig. 7 (a) Illustration of the synthetic strategy of monolayer g-C3N4 nanosheets. (b) AFM images and (c) TEM images of the as-prepared
monolayer g-CzN4 nanosheets. The right panel shows the height and width information of different nanosheets from the AFM images.
Reproduced with permission from ref. 89. Copyright 2013, Royal Society of Chemistry.
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Fig. 8 (a) lllustration of the synthetic strategy and structure of vertical hetero-phase MoTe, (experimental setup for the Li*-intercalation into
a MoTe; single crystal, and the convectional flow of Li* ions was described by two brown arrows in n-butyllithium solution). Reproduced with
permission from ref. 92. Copyright 2019, Wiley-VCH. (b) Illustration of the synthetic strategy of 1T-MoS,. Reproduced with permission from ref.
93. Copyright 2013, American Chemical Society. (c) Illustration of the synthetic strategy of various chemically exfoliated TMDs (MoSe,, WS,, and
WSe,). Reproduced with permission from ref. 94. Copyright 2014, American Chemical Society. (d) SEM image of chemically exfoliated MoS,
nanosheets deposited on SiO,. (e) HRTEM image of chemically exfoliated MoS, with octahedral coordination (1T phase). Reproduced with
permission from ref. 95. Copyright 2013, American Chemical Society.
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Fig. 9 (a) Graphene films: (A) photograph (in normal white light) of
a relatively large multilayer graphene flake with a thickness of ~3 nm
on top of an oxidized Si wafer. (B) AFM image of a 2 um by 2 um area of
this flake near its edge. Colors: dark brown, SiO, surface; orange, 3 nm
height above the SiO; surface. (C) AFM image of single-layer graphene.
Colors: dark brown, SiO, surface; brown-red (central area), 0.8 nm
height; yellow-brown (bottom left), 1.2 nm; orange (top left), 2.5 nm.
Notice the folded part of the film near the bottom, which exhibited
a differential height of ~0.4 nm. Reproduced with permission from ref.
23. Copyright 2004, The American Association for the Advancement of
Science. (b) Schematic of freeze—thaw exfoliation of MAMS-1 crystals
into dispersed nanosheets. (c) Tilted vertical view of the ab plane in the
MAMS-1 monolayer featuring PW1 (amplified view of PW1 highlighted
in magenta). (d) View along an axis of the MAMS-1 monolayer featuring
PW2. Reproduced with permission from ref. 96. Copyright 2017,
Springer Nature.

pyrolysis graphite and observed monolayer graphene. As shown
in Fig. 9a, the graphene films were prepared by mechanical
exfoliation (repeated peeling) of small mesas of highly oriented
pyrolytic graphite. This approach was found to be highly reli-
able and enable the preparation of FLG (few-layer graphene)
films up to 10 um in size. Since then, a series of mechanical
stripping methods have been developed, which use external or
internal mechanical force to break the interaction between
layers (such as van der Waals force, hydrogen bonding and -7
stacking). It is an effective method to obtain micron-sized and
ultrathin 2D materials. Zhao et al.*® reported a new mechanical
stripping method based on a solvent lyophilization and thawing
process. The crystal powder of a MOF (MAMS-1 (Mesh Adjust-
able Molecular Sieve, Nig(5-bbdc)s(n-OH),)) was dispersed in
hexane solution, which was then quickly frozen and thawed
(Fig. 9b). The layers of MAMS-1 were held loosely together
through van der Waals interactions which could be easily

This journal is © The Royal Society of Chemistry 2023
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overwhelmed to afford nanosheets. At the same time, the
nanosheet had two possible gas permeation pathways inter-
connected with each other. One pathway (PW1) was roughly
perpendicular to the monolayer basal plane with a pore size of
about 0.29 nm (Fig. 9c). The second pathway (PW2) with an
aperture of about 0.50 nm was distributed along a direction
parallel to the monolayer base plane (Fig. 9d). Due to the special
structure of the gas channel and the small pore size of PW1, the
gas could be discharged in the direction perpendicular to the
monolayer base plane through the molecular sieve separation
mechanism, so as to obtain lamellar AMS-1 nanosheets
arranged in the direction perpendicular to the monolayer base
plane. Due to the extreme volume variation between the solid
and liquid phases of the hexane solvent, the resulting shear
force was applied to the suspended crystals and promoted the
formation of the peeled 2D nanosheets. The resulting nano-
sheet has an ultrathin thickness of a few atomic layers (about 4
nm) and a large transverse size (10.7 nm).

In 2010, a monolayer and small amount of MoS, were
stripped on a SiO,/Si substrate. Using a micromechanical
stripping method widely used for preparing graphene samples,
large pieces of MoS, were placed on a strip of tape, which was
repeatedly folded and unfolded to separate single and multi-
layer MoS, films from the 2H-MoS, bulk crystal and then
pressed the tape onto a silicon substrate covered with a SiO,
layer. The measurements showed that exfoliation produced

N 2.6 nm

1.4nm
0.65 nm

Fig. 10 (a) Optical micrograph of thin MoS, films deposited on the
SiO,/Si substrate. (b) AFM height image was taken for the 8 x 8 pm?
area indicated by dotted lines in (a). The thickness of each layer is
shown by the height profile (in green) taken along the blue line in the
AFM image. (c) Schematic model of the MoS, bilayer structure.
Reproduced with permission from ref. 97. Copyright 2010, American
Chemical Society.
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layers with a discrete number of these units. The measurements
showed that exfoliation produced layers with a discrete number
of these units. The AFM image showed that the thickness of
monolayer MoS, was 0.6-0.7 nm, which was consistent with the
layer spacing of monolayer MoS, (0.62 nm), and the films
composed of MoS, showed a wide distribution in heights due to
the stacking of layers (Fig. 10a—c).”

3.1.6 Etching. The chemical etching strategy is the main
method to prepare MXenes, in which HF is widely used as the
etching agent. The HF etching process was first used by Gogotsi®®
and co-workers in 2011 to directly etch Al from Ti;AlC,, through
a simple displacement reaction. At the same time, HF and water
molecules reacted with Ti;C, to form surface terminal groups
including -O, -OH, and -F. Later, Gogotsi et al. reported a series
of MXenes obtained by HF etching, such as Ti,AlC, Ta,AlC;,
(Tio.5NDy 5),AIC, (Vo.5Cr.5)sAlC,, Ti;AICN,” Ti;C,, Ta,Cs, TiNDC,
(Vo.5 Cro.5)3Ca, etc.’® However, the use of F-containing reagents
results in functional surface groups of the products containing F,
which limits their application in electrocatalysis. Later developed
electrochemical etching is an efficient and safe alternative to
MXenes. Yang et al.** prepared monolayer or bilayer Ti;C,T, by
electrochemically etching Tiz;AlC, with 1 mol L™ NH,CI and 0.2
mol L' tetramethylammonium hydroxide as electrolytes (as
shown in Fig. 11a). In this method, chloride ions were able to
rapidly etch the anode Al and break the Ti-Al bond. The subse-
quent intercalation of NH,OH played a key role in opening the
edges of the etched anode and facilitating etching below the
surface. The structural changes during the etching/delamination
process were clearly revealed by X-ray diffraction (XRD) patterns
(Fig. 11b). Due to the introduction of functional groups and the
intercalation of NH,OH molecules between the Ti;C,T, layers, the

Ti,C, T, sheets
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« Surface functionalities (T,)
TiyC,T,
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(002) peak of TizAIC, moved to a lower angle (9.888° to 7.888°),
corresponding to an increase in the c lattice parameter from 18.0
t0 22.6 A. At the same time, TEM (Fig. 11c and d) images showed
enlarged interlayer distances, which agreed well with the XRD
results. TizC,T, nanosheets with high yield (>90%) can be ob-
tained by this electrochemical etching method, which was much
higher than the yield (45%) of Ti;C, T, nanosheets using HF as the
etching agent. The nanosheets obtained by this method had
a large spectral surface area and excellent hydrophilicity, which
had competitive advantages in electrocatalysis. Liu et al.'® using
plasma etching of CoFe-LDHs grown on nickel foam found that at
the same current density, the plasma-etched CoFe-LDHs (opti-
mized sample) had a lower overpotential (95 mV) than the orig-
inal CoFe-LDHs. This indicated that HER catalytic activity was
significantly improved by ion etching.

3.2 Bottom-up

Although top-down approaches facilitate the preparation of 2D
nanomaterials with specific properties and provide low-cost
products using direct methods, these approaches still have
limitations for the practical application of 2D nanomaterials.
These problems include formation of unstable nanosheets,
inability to control the number of layers, limitation of layered
materials, low yield of products, and frequent breakage and re-
stacking of stripped nanosheets. Unlike the top-down approach,
the bottom-up synthesis method enables the synthesis of
different ultrathin nanosheets by controlling the growth direc-
tion or inhibiting the chemical synthesis of inter-layer interac-
tions during the synthesis process. It has the advantages of high
preparation yield, controllable thickness, large transverse size

Delamination

il

TMA-OH:
Tetramethylammonium Hydroxide

TiyC,T, sheets

Fig. 11 (a) Schematic of the etching and delamination process of bulk TizAlC,. (b) XRD patterns of TizAlC, and TizC,T,. HRTEM images of (c)
TizAlC, and (d) TizC,T,, respectively. Reproduced with permission from ref. 101. Copyright 2018, Wiley-VCH.
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and good dispersion for the synthesized 2D nanomaterials.
Common bottom-up synthesis methods include solvothermal
synthesis, surfactant-assisted synthesis, chemical vapor depo-
sition, inorganic-organic additive synthesis, etc.

3.2.1 Solvothermal synthesis. Solution thermal synthesis is
one of the most common methods for preparing 2D materials.
The relative growth rate in different directions can be modified
by adjusting reaction conditions (such as solvent, temperature
and reaction time). In this way, products with different sizes,
shapes and even crystal structures can be obtained. When the
growth rate of the edge is much faster than that of the vertical
direction, the surfaces with a lower growth rate are easily
exposed, which makes it possible to construct 2D nanosheets.'*
In 2005, Rao et al.'** prepared Mg-Al hydrotalcite by hydro-
thermal synthesis. Wang's group'® prepared NiMn-LDHs by
a simple one-step hydrothermal method. And Zhao et al.'*
synthesized 2D Zr/Hf MOF nanosheets named NUS-8 composed
of ZrsO,(OH), or HfsO4(OH), clusters and 1,3,5-benzene-
tribenzoate directly via a heterogeneous modulated hydro-
thermal approach in the absence of surfactants. Structural
analyses confirmed the 2D layered structure of NUS-8 with
uniform porosity and highly accessible Lewis acid sites suitable
for heterogeneous catalysis. Li et al.'” prepared a series of
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binary Ni-M-MOF (M = Fe, Al, Co, Mn, Zn and Cd) ultrathin
nanosheets in a mixture of N,N-dimethylacetamide (DMA) and
water using a simple solvothermal synthesis method and
successfully applied them to OER catalysis (Fig. 12a). These
ultrathin bimetallic Ni-M-MOF NSs were prepared by a one-
step solvothermal reaction, and the key to success was the
proper use of the DMA/H,0 mixture. Amorphous nanoflowers
with nanoparticles were generated using only water as solvent,
and porous and fluffy powders were generated using only DMA
as solvent (Fig. 12b). During the solvothermal process, DMA
dissolved the organic ligands and avoided the formation of
nanoparticles. Meanwhile, water not only occupied the metal
coordination sites on the surface and restricted the growth of
coordination polymers, but also acted as a good exfoliator. The
synthesized material was well exposed to the active site and had
fast electron transfer ability. The mixed metal synergy and
unique coordination environment around the active site
enhanced the catalytic activity. Among them, ultra-thin Ni-Fe-
MOF NSs (Fig. 12c) showed highly enhanced activity and
durability for the OER. Eng et al'® proposed a universal
synthesis approach for TMDs based on the solvothermal
method using only a common tetrathio-metallate precursor, in
which the composition (Mo and W), phase (semiconductor and
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(a) Schematic of the synthetic process for the ultrathin metal-organic framework nanosheets and their utilization for the OER. TEM

images of (b) with water as solvent only and with DMAC as reaction solvent only and (c) ultra-thin NiFe-MOF NSs. Reproduced with permission
from ref. 107. Copyright 2019, Wiley-VCH. (d) Schematic of structured synthesis of TMDs (MS,, M = Mo/W) on carbon cloth. Reproduced with
permission from ref. 108. Copyright 2019, Elsevier. (e) Schematic of the synthesis of Zn-TCPP. Reproduced with permission from ref. 109.

Copyright 2015, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 18502-18529 | 18513


https://doi.org/10.1039/d3ta02293e

Published on 11 august 2023. Downloaded on 30-01-2026 10:30:35.

Journal of Materials Chemistry A

metal), and morphology (edge and base plane orientation)
could be controlled (Fig. 12d).

The solvothermal method has the advantages of being easy
to operate (one-step synthesis) and easy to scale (gram-scale has
been achieved in some cases), and is a no-addition process.
However, it is only sometimes applicable to different situations,
and direct solvothermal synthesis largely depends on the proper
selection of solvents and reaction conditions.

3.2.2 Surfactant-assisted synthesis. The surfactant assisted
synthesis method is convenient and flexible, providing an excel-
lent solution to the problem of bottom-up synthesis of 2D MOF
nanosheets in the liquid phase. Surfactants have been widely
used to control the growth of nanocrystals because they can
selectively adhere to special small planes of nanocrystals. It can
also design and synthesize ultra-thin MOF nanosheets with other
functional ligands. Polyvinylpyrrolidone (PVP) is one of the most
commonly used surfactants and can selectively regulate the
vertical overgrowth of MOFs. For example, in 2015, Zhao et al.**”
reported a simple surfactant assisted synthesis method for the
preparation of ultra-thin 2D M-TCPP (M = Zn, Cu, Cd or Co, TCPP
= tetra (4-carboxyl phenyl) porphyrin) nanosheets (Fig. 12¢). In
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the experiment, with TCPP as the organic ligand and Zn, Cu, Cd
or Co as the nodes, in the presence of surfactant PVP, PVP can
selectively adhere to the surface of MOFs, restricting the growth of
MOFs along the vertical direction, resulting in the anisotropic
growth of MOFs. Thus, a series of stable ultra-thin 2D nanosheets
with thickness below 10 nm were obtained.

3.2.3 Chemical vapor deposition (CVD). The CVD method
is a bottom-up method to produce high quality and high-
performance 2D nanomaterials. CVD is a technique where
a solid material is deposited from a vapor by some chemical
reaction occurring on or in the vicinity of a normally heated
substrate surface. The CVD method has some advantages: it
uses source material that flows from an external tank into the
process chamber and can be refilled without contaminating the
growth environment; it does not require a high vacuum; it can
typically process larger volumes of the substrate than evapora-
tion."*"™* Chen et al.'* synthesized high-quality single-layer
MoS, with mm grade size by the CVD method. The size of the
monolayer crystals was about 2.5 mm, and the carrier mobility
was up to 95 cm® V' s at room temperature, which can be used
for the electrocatalytic HER, OER and energy storage. Kumar
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Fig. 13 (a) The sketch of the CVD system for the growth of MoS; flakes. (b) Schematic diagram of the varied distance between Mo foil and the S/
growth substrate. Reproduced with permission from ref. 114. Copyright 2021, Royal Society of Chemistry. (c) Schematic diagram of the modified
CVD system with a reversible Ar flow for the epitaxial growth of the lateral TMD heterostructures. (d) Optical microscopy images for the grown
various 2D NSs with lateral heterostructures using the setup and their corresponding characterization. Reproduced with permission from ref. 115.
Copyright 2017, The American Association for the Advancement of Science.
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from ref. 116. Copyright 2017, American Chemical Society.

et al.'*® also used the same method to prepare MoS, nanosheets,
and electrochemical tests found that MoS, nanosheets had
good HER catalytic activity, and the use of visible light in elec-
trocatalysis would almost double its catalytic activity. Recently,
Chen et al.™ synthesized 2D MoS, flakes by the confined space
CVD method (Fig. 13a). It was found that the 2D MoS, dimen-
sion could be controlled by controlling the amount of sulfur
powder, the growth temperature and the distance between the
substrate S powder and the Mo foil (Fig. 13b).

The improved step-by-step CVD synthesis could fabricate
multiple heterojunctions. In general, the lateral hetero-
structures of the two different TMD monolayers are fragile and
may not survive the multi-step growth process. In 2017, Zhang
et al.* proposed a novel step-by-step synthesis strategy that
successfully solved this problem. Various in-plane 2D TMD
nanostructures were grown by reversing the gas flow direction.
Firstly, monolayer TMD NSs were grown on a substrate by the
CVD method. During the sequential growth process, the orig-
inal long monolayer was placed downstream of the argon gas
flow, which reversed the flow during the temperature change,
thus cooling the existing monolayer TMD material and pre-
venting undesirable thermal degradation from occurring. Also,
the reverse argon flow suppressed uncontrolled nucleation
prior to the sequential growth step (Fig. 13c). This effective CVD
technique can produce WSe,-MoS, and multiple hetero-
junctions (WS,-WSe,-MoS, and WS,-MoSe,-WSe,, Fig. 13d).

3.2.4 Additive-assisted synthesis. In 2017, Yu et al™'®
synthesized monolayer CO;>” intercalated CoAl-LDH with
a thickness of about 0.85 nm using ethylene glycol as solvent
(Fig. 14a and b), in which ethylene glycol had strong chelation
with metal ions, which slowed down the nucleation and growth

This journal is © The Royal Society of Chemistry 2023

~1 (d) Tafel plots corresponding to (c). Reproduced with permission

of LDH crystals, and their adsorption on the monolayer LDH
surface. The growth of LDH along the C-axis was prevented,
which could form monolayer LDH. At the same time, the
material had excellent stability and could retain its original
shape after five months in water. Compared with the monolayer
LDHs synthesized directly with water as a solvent (LDH-H,0),
the single-layer CoAl-LDH synthesized by this method had
better electrocatalytic OER performance, which required an
applied overpotential as low as 367 mV at 10 mA cm > with
a lower Tafel slope (129 mV dec '), whereas LDH-H,O required
415 mV at 10 mA cm~ > with a Tafel slope of 149 mV dec™"
(Fig. 14c and d).

4. Activation strategies

In this section, we will focus on the recent development of 2D
bifunctional nanocatalysts with both HER and OER activity in
the field of full water splitting. And we will discuss and
summarize some typical strategies for enhancing bifunctional
activities, including doping, nanocomposite construction,
interface formation, defect engineering, morphology modula-
tion and so on. The structure-activity relationships will also be
discussed with the aim of providing guidance in designing
novel 2D bifunctional electrocatalysts. The recent research
advancements in 2D bifunctional nanocatalysts for full water
splitting are comprehensively summarized in Table 1.

4.1 Doping

Doping can tailor the band structure, valence state of the active
site, charge redistribution, and the adsorption and desorption
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Fig. 15 (a) Niand d V K-edge extended XANES oscillation functions k®y (k). (b) The atomic model of NiVRu-LDH and the proposed HER pathway.
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HER performance (g) and OER performance (h) of Ni-MoSe,@Ti,NT, and other control materials. Reproduced with permission from ref. 119.

Copyright 2020, Elsevier.

behaviors of reactants, intermediates and products, which
facilitates H, and O, evolution.**”

Xing et al."*® synthesized NiV-LDH, NiVRu-LDH, and NiVIr-
LDH by a simple one-step hydrothermal method and found that
doping Ru or Ir in self-supported NiV-LDH could induce the V
vacancy which was verified by Raman and X-ray absorption fine
structure (XAFS) as shown in Fig. 15a. DFT calculations showed
that Ru and Ir doping in NiV-LDH could optimize the adsorp-
tion energy of intermediates during the HER process, while
accelerating the OER kinetic process as shown in Fig. 15b-e.
Therefore, the NiVIr-LDH|NiVRu-LDH electrolyzer showed
excellent catalytic activity which could provide a current density
of 10 mA cm™? with only 1.42 V, much smaller than that of
RuO,|[[Pt/C.

Doping transition metals can also improve the electrical
conductivity and stability of catalysts. For example, Zong et al.**

This journal is © The Royal Society of Chemistry 2023

synthesized Ni doped MoSe,@Ti,NT,. The study revealed that
Ni doped MoSe, had improved HER properties as Ni doping
generated numerous hydrolysis sites and decreased the energy
barrier required for overall water splitting. The replacement of
Ni atoms with Mo in MoSe, also produced a catalyst with semi-
conducting properties, thus enhancing its electrical conduc-
tivity (Fig. 15f). For the HER, Ni-MoSe,@Ti,NT, showed an
overpotential of 92 mV at 10 mA cm™> and a Tafel slope of only
79.7 mV dec ™ 'as compared to MoSe,@Ti,NT, (110: 139 mV and
Tafel slope: 118 mV dec '), revealing that Ni doping profoundly
elevated HER activity (Fig. 15g). For the OER, Ni-MoSe,@Ti,NT,
revealed an 75, of 270 mV and a Tafel slope of 81.1 mV dec™" as
compared to MoSe,@Ti,NT, (1s0: 328 mV and Tafel slope:
96.4 mV dec™ ') (Fig. 15h). Due to the Ni doping improved HER
and OER performance in alkaline media, Ni-MoSe,@Ti,NT,
was utilized as both the anode and the cathode, which exhibited
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a small voltage of 1.59 V to afford a current density of 10 mA
cm 2,

Although doping is one of the good strategies to improve the
catalytic performance of 2D catalysts, there are still some limi-
tations: the site and density of doping cannot be controlled
precisely through currently developed synthesis techniques,
which results in difficulty in fine-tuning the activity of
electrocatalysts.

4.2 Nanocomposite construction

Constructing a 2D composite catalyst can enhance the water
electrolysis efficiency of bifunctional catalysts.”””*** The heter-
ostructures usually comprise two or more different compo-
nents, possibly integrating the merits and overcoming the
disadvantages of the individual ones.”'* Hybridization of
catalytically active components with highly conductive
substrate materials to form composites is a widely used method
that can synergistically achieve optimized electronic structures,
abundant active sites, and improved operational stability,"**
and the selection of materials that can have a synergistic effect
with existing materials is the difficulty of this strategy. This
section summarizes the research advances in 2D materials
including LDH, g-C3N,, MXene and TMD hybridizing with other
components to construct bifunctional catalysts for overall water
splitting in recent years.

2D carbonaceous materials (e.g., graphene) with a large
surface area and outstanding electrical conductivity have been

View Article Online
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considered ideal substrates for anchoring electrocatalysts to
achieve enhanced activity. Yao's group™ reported a highly
efficient bifunctional catalyst based on strongly coupled strip-
ped NiFe-LDH nanosheets and defective graphene (DG)
(Fig. 16a). The catalyst showed high electrocatalytic activity for
the OER, with an 7,4 of 210 mV and a Tafel slope of 52 mV dec™*
under alkaline conditions. The excellent OER and HER activi-
ties of the prepared NiFe LDH-NS@DG10 catalysts were due to
the more efficient anchoring sites on DG brought about by the
defects, which resulted in the direct and strong coupling of
transition metal atoms (Ni and Fe) on 2D NiFe-LDH nanolayers.
DFT calculations demonstrated that the separation and redis-
tribution of electrons and holes on DG and NiFe LDH were
achieved through the combination of DG and NiFe LDH
(Fig. 16b and c). The high density of electrons on DG elevated
the HER, while the high density of holes on NiFe LDH enhanced
the OER. The Han, s group'* reported a bifunctional electro-
catalyst consisting of Ni;S, as the template, vertical graphene
(VG) as the bridging material, and NiCo-LDH nanosheets as the
active catalyst, as shown in Fig. 16d-f. It is found that the VG
bridging between NiCo-LDH and Ni;S, enabled fast charge-
transfer and a high density of active sites, resulting in
improved electrical conductivity, intrinsic activity, and electro-
chemical stability. The hybrid Ni;S,/VG@NiCo LDH catalyst
exhibited excellent activity in alkaline solution for both the OER
and the HER. In addition, the hybrid catalyst possessed supe-
rior stability with 99% retention of voltage upon a continued

OH' H,0+0,

diy14)=0.24 nm

NizS; o\

10nm | 5nm

digy1)=0.28 nm
NiLS,

=

3! NiCO_ LDHs
‘?0 nm | S
—_—

7

Fig.16 (a) TEM image of typical exfoliated LDH-NS anchored on DG with the corresponding selected area diffraction pattern (inset). (b) The side

views of the3D charge density difference plot for the interfaces between defective graphene sheets (DG-5, DG-585, or DG-5775). Yellow and
cyan isosurfaces represent charge accumulation, and green, brown, silver, and red balls represent C, Fe, Ni, and O atoms, respectively. (c)
Schematic illustration of NiFe LDH-NS@DG10 for overall water splitting. The pink and purple spheres represent electrons and holes, respectively.
Reproduced with permission from ref. 125. Copyright 2017, Wiley-VCH. (d-f) HRTEM images of VG, NisS,, and NiCo LDHs. Reproduced with
permission from ref. 126. Copyright 2021, Elsevier.
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current density of 10 mA cm 2 for over 24 h. Similarly, Shi and
coworkers**” prepared a novel CoFe-LDH@NiFe-LDH core-shell
architecture on NF through a facile hydrothermal and electro-
deposition method. The formed CoFe-LDH@NiFe-LDH core-
shell architectures featured a 3D interconnected porous struc-
ture, which provided abundantly accessible active sites and
contact areas with electrolytes. In addition, the strong electronic
interaction between CoFe-LDH and NiFe-LDH not only
promoted fast charge transfer at the interface, but also syner-
gistically optimized the binding energies of the reaction inter-
mediates, thus accelerating the reaction kinetics and enhancing
the electrocatalytic efficiency. The resulting CoFe@NiFe/NF
electrode architectures exhibited excellent activities and
stabilities for the OER and HER. Furthermore, an efficient and
stable alkaline electrolyzer using CoFe@NiFe/NF as both the
cathode and anode achieved a voltage of 1.59 V at 10 mA cm 2.

The construction of a composite can also solve the problems
of poor conductivity and the lack of redox sites of graphitic
carbon nitride (g-C3N,). Jiang et al.**® reported nitrogen-doped
graphene (NG) chemically coupled with g-C3N, to form C;N,/
NG layers composited with monodispersed Ir nanoparticles.
The C;N4/NG layers facilitated the kinetics of overall electro-
chemical water splitting: firstly, due to the presence of
pyridine N in g-C3;Ny, the nearby C atoms with SP* hybrid has
a high positive charge density, which is conducive to the
adsorption of the reactant and the charge transfer between the
reaction species and the catalyst surface, thus improving the
OER performance. Additionally, C;N,/NG delivered high HER
performance owing to its moderate adsorption-desorption
ability for hydrogen, thus accelerating the kinetics of full water
splitting. Moreover, g-C3N, was helpful to the dispersion of
active materials without aggregation, thereby exposing the
active sites. Rashid et al.*® reported the first ternary composite
based on g-C3;N,, which consisted of g-C;N,, CeO, and Fe;0,,
showing an excellent and durable bifunctional catalytic activity
for the OER and HER in the alkaline medium owing to the
synergetic effects between the three ingredients.

MXene has high conductivity, which can afford the rapid
transfer of electrons, and as a result it is often used as a highly
conductive substrate to improve the activity of catalysts."** For
example, Yan and his group®" reported a general approach to
synthesize CoP/Tiz;C, MXene on Ti;C, MXene nanosheets. In
the CoP/Ti;C, MZXene hybrid, Ti;C, MXene as a highly
conductive substrate not only facilitated rapid electron transfer,
but also prevented the aggregation of CoP nanoarrays. Mean-
while, CoP nanoarrays could prevent restacking of MXene
nanosheets. Especially, the strong interactions between CoP
and TizC, MXene endowed the CoP/Ti;C, MXene composite
with exceptional catalytic activities and stabilities toward the
HER at all pH values. Meanwhile, CoP/Ti;C, MXene also
exhibited superior OER performance in alkaline electrolyte. The
CoP/Ti;C, MXene even outperformed the commercial Pt/C||IrO,
couple for overall water splitting under alkaline conditions. Du
et al.** synthesized a novel Ni,Fe; , PS;/MXene (NFPS/MXene)
hybrid through a facile self-assembly process of LDH on
a MXene surface, followed by a low temperature in situ solid
phase reaction. The final NFPS showed nano-mosaic shapes

This journal is © The Royal Society of Chemistry 2023
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instead of the original TM-LDHS nanosheets, which had
a unique electronic structure and extremely high electrochem-
ically active surface area, leading to excellent overall water
splitting activity in 1 M KOH.

MoS, shows favorable activity for the HER in acidic electro-
lytes due to the near-optimal hydrogen adsorption free energy.
However, the HER kinetics of MoS, under alkaline conditions
are sluggish due to the inferior ability for water dissociation.***
FeOOH shows much stronger adsorption of hydroxyl species,
enabling it to be effective for water dissociation. Unfortunately,
the OER activity of FeOOH is much inferior due to its strong
interaction with hydroxyl species. Xu et al*** found that
coupling FeOOH with MoS, could not only promote the alkaline
HER activity of MoS, by accelerating water dissociation, but also
enhance the OER activity of FeOOH through the electronic
modulation by MoS, (Fig. 17a). This one-stone-two-birds effect
enabled the hybrid MoS,/FeOOH to show outstanding HER and
OER performance. The MoS,/FeOOH was further coupled with
3D Ni;S, nanowires to fabricate the Ni;S,@MoS,/FeOOH. The
morphological characterization indicated that FeOOH nano-
sheets were intimately coupled with MoS, nanosheets
(Fig. 17b). XPS analyses revealed electron transfer from Fe
atoms to Mo atoms (Fig. 17c and d). The Mo sites with a lower
state in MoS, had higher HER activity, and the Fe sites with
a higher state in FeOOH had higher OER activity. Such elec-
tronic modulation of Fe and Mo centers in Ni;S,@MoS,/FeOOH
hybrids was beneficial to improving their HER and OER activi-
ties. NizS,@MoS,/FeOOH as an OER catalyst showed the lowest
Tafel slope of 49 mV dec ", lower than that of Ni;S,/FeOOH
(56 mV dec™") and Ni;S,@MoS, (114.0 mV dec™'). Meanwhile,
the catalyst exhibited a very low overpotential of 282 mV at
a high current density of 100 mA cm ™, Impressively, as an HER
catalyst, NizS,@Mo0S,/FeOOH could output a current density of
100 mA cm ™2 at a low overpotential of 177 mV, showing excel-
lent electrocatalytic HER performance. Furthermore, as
a bifunctional electrocatalyst, the electrocatalyst required only
a small battery voltage of 1.57 V at 10 mA cm™>. Han et al.'*®
developed a composite catalyst consisting of perovskite oxide
(Lag.5Sr95Co03_5, LSC) and potassium ionically bonded
molybdenum diselenide (K-MoSe,) as a bifunctional catalyst for
integral hydrolyzation (Fig. 17e). It is found that the LSC/K-
MosSe, system had the characteristics of multi-direction charge
transfer phenomena, including bidirectional charge transfer
from K to MoSe, and from LSC to MoSe, (Fig. 17f), which
endowed MoSe, with an electron-rich surface and increased
electrical conductivity to improve the HER kinetics (Fig. 17g and
h). Besides, the improvement of the electrophilicity of LSC
improved the adsorption capacity of oxygen producing inter-
mediates on the catalyst surface, thus improving the perfor-
mance of the OER (Fig. 17i). Furthermore, LSC/K-MoSe,
exhibited remarkable chronopotentiometry stability over 2500 h
at a high current density of 100 mA cm 2,

4.3 Interface formation

Interface engineering can create new active sites and promote
electron transfer, thus boosting the efficiency of water
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Fig. 17 (a) Schematic diagram for the overall water splitting mechanism of NizS,@MoS,/FeOOH. (b) HRTEM image of NizS,@MoS,/FeOOH. (c) Fe

2p XPS spectra of NizS,@MoS,/FeOOH and FeOOH on carbon cloth
S>,@MoS;. Reproduced with permission from ref. 134. Copyright 2019,

(FEOOH/CC). (d) Mo 3d XPS spectra of NizS,@MoS,/FeOOH and Nis-
Elsevier. (e) HRTEM image of LSC/K—MoSe;. (f) Schematic of the atomic

structure and charge transfer effect for K-MoSe, and LSC/K-MoSe,. Complementary charge transfer in LSC/K-MoSe, can modulate the
electronic structure of MoSe,, increasing the 1T-MoSe; ratio in the heterostructure. (g) Relative energies of 1T-MoSe, in the monolayer structure
(black line) and LSC/K—-MoSe, heterostructure (red line) compared to the energy of the 2H-MoSe, monolayer. (h) Free energy diagrams for the
HER for LSC, 2H-MoSe,, K-MoSe,, and LSC/K—-MoSe;. (i) Free energy diagrams for the OER for LSC/K—MoSe;,. Reproduced with permission

from ref. 135. Copyright 2021, Springer Nature.

splitting."****” Moreover, the generated synergetic effects
between different interfaces tailor the electronic structures of
catalysts and the modulated electronic structure in turn influ-
ences the overall performance in electrocatalysis. Owing to the
ultrathin properties of 2D components, most atoms in 2D layers
can participate in the interface structure, which may lead to
more pronounced interface effects on the modulation of elec-
tronic structures than in the ontology.****** For example, Wu
constructed a rich crystalline-amorphous boundary into ultra-
thin Ni-ZIF/Ni-B nanosheets."*® DFT calculations indicated that
the crystalline-amorphous interface not only reduced the energy
barrier for the formation of *OH, but also reduced the reaction

18520 | J Mater. Chem. A, 2023, 11, 18502-18529

free energy from *O to *OOH. Besides, an optimal AGy« that
was closer to zero implied its higher catalytic HER activity
(Fig. 18a and b). Benefiting from the interface engineering, the
Ni-ZIF/Ni-B nanosheets required an 1,0 of 67 mV for the HER
and an 7y, of 234 mV for the OER. Furthermore Ni-ZIF/Ni-
B@NF as a bifunctional electrocatalyst for overall water split-
ting achieved an 7,0 of 1.54 V. Sapra et al.*** used interfacial
engineering of the basal planes of MoSe, nanosheets (NSs) with
Cu,S nanocrystals (NCs) to obviously promote the water split-
ting rate under alkaline conditions (Fig. 18c and d). In their
work, the interface between the MoSe, NSs and Cu,S NCs
increased the number of OER active sites, as shown in Fig. 18e

This journal is © The Royal Society of Chemistry 2023
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illustration of the mechanism of the OER. (h) Free energy profiles of the reactants, intermediates and products of the OER for MoSe;, NSs, Cu,S
NCs and MoSe,—Cu,S NHSs. Reproduced with permission from ref. 141. Copyright 2021, Royal Society of Chemistry. (i-k) SEM, TEM, and HRTEM
images, and (l) fast Fourier transformation of the Nig gsSe—MoSe, interfacial structure. Reproduced with permission from ref. 142. Copyright

2021, American Chemical Society.

and f. The type-II alignment of nanoheterostructures (NHSs)
formed an in-built potential at the interfaces, which helped to
facilitate interfacial charge transfer at the junctions of two
constituents. DFT calculations revealed (Fig. 18g and h) that
due to the presence of type II NHSs, Cu,S NCs formed a built-in
electric field at the junction, making them more electrophilic.

This journal is © The Royal Society of Chemistry 2023

This made the catalytic active site of NHSs more favorable for
surface adsorption and conversion. The internal electric field at
the interface significantly reduced the energy barrier for the
formation of OH*, O*, OOH* and other intermediates, thus
promoting the OER. Due to the increased number of active sites
and the modulation of the electronic structure, MoSe,-Cu,S
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NHSs exhibited higher OER activity with an 7, of 264 mV. Also,
the built-in electric field also greatly promoted the HER activity
of MoSe,-Cu,S NHSs owing to the reduction of the kinetic
energy barrier. Mahalingam and coworkers'® introduced
Ni, y5Se nanoparticles into MoSe, to construct a Ni, gsSe/MoSe,
interface, which served as an active site for water splitting. The
synthesized interfacial structure was composed of interlinked
Nij gsSe nanoparticles and MoSe, thin slices with abundant
heterojunctions. As shown in Fig. 18i-1, SEM and TEM revealed
distinguishable interfaces (boundaries) between Nij g5Se parti-
cles and MoSe, flakes. Electrochemical investigations showed
that the alkaline HER activity of the Ni, gsSe/MoSe, interface
structure was significantly increased, which was attributed to
the efficient hydrolysis dissociation process on the NijgsSe
promoter in the interface structure and the exposure of more
MoSe, catalytically active sites (edges). In addition, the prepared
Ni, gsSe/MoSe, showed high OER activity. An alkaline electrol-
ysis cell was constructed with Ni, gsSe/MoSe, and Ni, ;5Se as the
cathode and anode, showing a voltage of 1.7 V at 10 mA cm >,

Interfacial engineering can be used to enhance the perfor-
mance of overall water splitting. However, the heterogeneous
interface and its microenvironment are complex, which makes
the study of the catalytic reaction mechanism difficult. Besides,

View Article Online
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because of the simplification and idealization of the con-
structed model in theoretical calculations, there is still a gap
between the heterogeneous interface model and the actual
catalyst's interface. This makes it difficult for theoretical
calculations to accurately reveal the real catalytic mechanism.

4.4 Defect engineering

Introducing defects into catalysts is another important strategy
to enhance intrinsic activity. With the introduction of defect
structures, the electronic configurations of catalyst sites are
effectively tuned to facilitate the formation and transformation
of intermediate states, thereby promoting specific electro-
chemical reactions. In most cases, defects are generally regar-
ded as active sites for electrocatalytic processes due to the
regulation of localized electronic and surface configura-
tions.'**'** According to their sizes, defects in catalytic materials
can be mainly divided into four types, including 0 D point
defects, 1D line defects, 2D plane defects and 3D volume
defects. Point defects can be further divided into three types:
vacancy defects, impurity doped defects and metal defect
coordination structures.' First, defect engineering can provide
more active sites for electrocatalysts, thus directly refining their
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Fig. 19 (a) Schematic illustration of the reaction mechanism of the P-V—-NiFe LDH NSA. SEM images of (b) the NiFe LDH NSA and (c) the P-V—-
NiFe LDH NSA. The diagram of calculated adsorption free energy on the NiFe LDH (100) plane (d and e) and (001) plane (g) for the Volmer step (d)
and Tafel step (e and g). The calculated projected densities of states of the Fe 3d orbital on the NiFe LDH (100) plane (f) and (001) plane (h). (i) The
differential charge density contour plot after supporting Ni clusters on the NiFe LDH (001) plane. The cyan and yellow colors indicate the
decrease and increase in the electron density, respectively. The 3D isosurface value is set as 0.007 e A=>. Blue balls: Ni atoms; green balls: Fe
atoms; red balls: O atoms; pink balls: H atoms. Reproduced with permission from ref. 147. Copyright 2020, Elsevier.
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electrocatalytic activity. Second, the rational construction of
composites can form a large number of defective structures,
which can effectively adjust the electronic structure and
promote electron transfer, thus improving the efficiency of
overall water separation. Third, catalytically active substances
can be anchored on defective carriers, which can directly
maximize the exposure of active substances and improve the
charge transfer between catalytically active substances.

At present, various strategies for defect construction have been
used in 2D bifunctional electrocatalysts, such as high tempera-
ture reduction and plasma treatment."® For example, Yu et al.'*’
synthesized a P-V-NiFe LDH nanosheet array (NSA) with multiple
vacancies through a cation doping combined with plasma
reduction strategy. As a bifunctional electrocatalyst, the P-V-NiFe
LDH NSA shows a small 7;, of 200 mV with significant stability
for 1000 h. The authors discussed in detail the role of vacancy
defects through structural analysis and theoretical simulation. As
shown in Fig. 19a-c, the surface of NiFe LDH became rough after
introducing defects. Meanwhile, DFT calculations revealed that V
doping, oxygen vacancies (Ov) and Ni vacancies (Niv) could

Carbon cloth (CC) Ni-Mo precursors/CC

View Article Online
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optimize the hydrogen adsorption (Fig. 19e and g) and increase
the conductivity (Fig. 19f, h and i). In addition, Ov and Niv were
favorable for H,O adsorption and dissociation in the HER, and
the V-doping and Ov efficiently reduced the energy barrier for the
formation of O* in the OER (Fig. 19d).

Besides, the rational construction of composites can lead to
the formation of defective structures. For example, Qi et al."*®
prepared defect-rich MoS,/NiS, nanosheets by annealing Ni-Mo
precursors with sublimated sulfur in an Ar atmosphere
(Fig. 20a). Fig. 20b-e demonstrate that MoS,/NiS, had
numerous defects and interfaces, providing more catalytic sites
for electrocatalytic reactions. The mismatch between MoS, and
NiS, created a distinct heterointerface that could induce
abundant defects and disordered structures. Raman spectros-
copy (Fig. 20f) further indicated the existence of abundant low-
coordination Mo-S edge sites in MoS,/NiS,, while XPS demon-
strated the existence of sulfur defects (Fig. 20g). This structure
facilitated the generation of electrons and accelerated the
electrocatalytic process, thereby improving the activities of the

-
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Fig. 20 (a) Schematic illustration for the formation of defect-rich heterogeneous MoS,/NiS, nanosheets. (b—e) HRTEM images of MoS,/NiS,
nanosheets. (f) Raman spectrum of MoS,/NiS, nanosheets. (g) High-resolution XPS profiles of S 2p in MoS,/NiS, nanosheets. (h) Polarization
curves of optimal MoS,/NiS, nanosheets and RuO,||Pt/C for overall water splitting. Reproduced with permission from ref. 148. Copyright 2019,

Wiley-VCH.
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HER and OER. As a result, the optimized MoS,/NiS, nanosheets
showed a low voltage of 1.59 V at 10 mA cm > (Fig. 20h).

Despite great advances, the reported strategies used to
prepare defective catalysts, such as chemical etching and
plasma etching, still present significant challenges in control-
ling site-specific defect construction and precisely controlling
defect concentration.”® In addition, the most frequently re-
ported defect-based materials rarely meet the practical needs of
industrial production. Therefore, further research and devel-
opment of methods for large-scale preparation of defect cata-
lysts are necessary. Meanwhile, some defects are unstable,
making the catalyst prone to failure during the catalytic process.
Therefore, the stabilization of defects is also a concern of defect
engineering. Whether stable defect structures can be main-
tained or reconstituted during the actual catalytic process needs
to be further investigated. Besides, the quantification and
precise control of defects are a challenge.

4.5 Morphology modulation

Morphological engineering of 2D nanomaterials as bifunctional
electrocatalysts for full water splitting plays an important role in
achieving excellent electrocatalytic performance, because it is
closely related to the physical specific surface area, the number
of exposed active centers for catalytic reactions, and the mass

Open pores

a
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transfer during electrochemical reactions. Generally, morpho-
logical engineering is not as effective as other means of
increasing the intrinsic activity of the catalyst. In this section,
we present the rational design and effects of morphological
engineering with typical examples.**'** For example, Li et al.**
reported a simple and controllable strategy to prepare CoSe,
with different shapes. By adjusting the additional amount of
NH,F, CoSe, samples (spherical, linear and rod-like) were
successfully synthesized (Fig. 21a-c). Among them, the CoSe,
microspheres were revealed to have a regular sea urchin shape
and hollow structure, resulting in a large specific surface area
and a large number of channels to promote mass transfer effi-
ciency. Therefore, the CoSe, sphere electrocatalyst showed
excellent catalytic performance for the OER and HER under
alkaline and acidic conditions, respectively (e.g., an 7, of
325 mV and a Tafel slope of 80 mV dec ™ for the OER in alkaline
media and an 7, of 167 mV and a Tafel slope of 38 mV dec ™" for
the HER in acidic media, respectively).

Morphological regulation strategies can also be used to
ameliorate the catalytic performance of MOFs. The small pore
size is one of the major challenges in using MOFs for electro-
catalysis, which inhibits the effective mass transport of elec-
trolytes to active centers and diffusion of products, resulting in
hindered electrocatalyst performance. This is especially

Fig. 21 (a-c) SEM images of CoSe; spheres, wires and rods. Reproduced with permission from ref. 152. Copyright 2019, Elsevier. (d) SEM image
(scale bars are 300 mm) of NiFe-MOF/NF. Reproduced with permission from ref. 153. Copyright 2017, Springer Nature. (e) SEM images of NiFe
(dobpdc). Reproduced with permission from ref. 154. Copyright 2020, Royal Society of Chemistry. (f) SEM images of Cu@NiFe LDH at high
maghnification. (g—i) TEM images of Cu@NiFe LDH. (j) Detailed image of the squared part in the image of Cu@NiFe LDH to show the lattice fringe
(inset). Reproduced with permission from ref. 155. Copyright 2017, Royal Society of Chemistry.
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a problem in water electrolysis because the electrode products
are O, and H, gases, which have the potential to cover the active
sites of MOFs and inhibit ions' transport. To solve this issue,
increasing the pore size of the MOF is a good solution. Zhao
et al'®® prepared a MOF with different hierarchical-scale
porosities (several-hundred-micrometre macropores, tens-of-
nanometre open pores, several-nanometre mesopores and
intrinsic microporosity). The extra-large macropores of nickel
foam could facilitate the mass transport of electrolytes and
gaseous products, while the open pores between vertically
aligned nanosheets, and small mesopores and micropores of
the MOF provided enormous, highly accessible active sites and
short ion diffusion pathways (Fig. 21d). Thus, the resulting
NiFe-MOF catalyst exhibited excellent activities and stabilities
for the OER (710: 240 mV) and HER (n10: 134 mV). The electro-
lytic cell was demonstrated to show excellent catalytic activity,
delivering a voltage of 1.55 V at 10 mA cm 2 in 0.1 M KOH.
Similarly, Lin et al.*** synthesized NiFe (dobpdc) by utilizing
a longer organic linker (H,dobpdc). The NiFe (dobpdc) had
a yarn-ball like structure assembled from 2D nanosheet
subunits, and it possessed a high surface area and large pore
size (Fig. 21e). This allowed adequate contact with H,O and
enlarged the electrochemically active surface area, resulting in
an accelerated water splitting reaction. This bifunctional NiFe
(dobpdc) MOF electrocatalyst exhibited low overpotentials for
the OER and HER, respectively. Moreover, DFT calculations
revealed that the longer ligand (dobpdc,) had the ability of
extracting and releasing charges during the steps of (* — OH¥)
and (OH* — O%¥), respectively.

Besides, 3D core-shell nanoarchitectures grown on conduc-
tive substrates are of great interest due to their large surface
areas, efficient electron transfer, and intimate access to the
electrolyte. For example, Yu et al.*> fabricated a 3D catalyst with
a core-shell nanostructure, in which few-layer NiFe LDH
nanosheets uniformly and vertically grew on Cu nanowire (NW)
cores supported on Cu foam (Fig. 21f). The TEM image in
Fig. 21g-i showed that the nanosheets were interconnected with
each other, forming a highly porous surface morphology, which
offered many channels for electrolyte diffusion and gaseous
product release. Also, such a 3D nanostructure facilitated effi-
cient electron transfer from the inner metallic Cu NWs to the
outer shell of the NiFe LDH layer. Thus, the Cu@NiFe LDH
exhibited outstanding OER as well as HER performance in
alkaline medium. Using them as bifunctional catalysts for
overall water splitting, a voltage of 1.54 V at 10 mA cm™ > was
achieved with excellent durability, which was much better than
the benchmark of IrO,(+)||Pt(—) electrodes.

5. Conclusion and outlook

Electrolysis of water is an important technology for green
hydrogen production facing energy and environmental crisis. In
the past decades, great efforts and breakthroughs have been
made in the design and optimization of bifunctional electro-
catalysts. This paper systematically reviews the classification,
controlled synthesis and formation mechanisms of 2D nano-
materials including graphitized carbon nitride, layered double

This journal is © The Royal Society of Chemistry 2023
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hydroxide, transition metal dichalcogenide, transition metal
carbon/nitride and 2D metal-organic framework compounds.
The strategies for tuning the catalytic activity of 2D bifunctional
electrocatalysts (doping, defect engineering, nanocomposite
construction, interface formation, and morphology engi-
neering), and the effects on the electrocatalytic performance of
the OER and HER are then discussed: doping and defect engi-
neering are implemented to fine-tune the electronic configura-
tion and states; nanocomposites and interfaces are constructed
to synergistically boost water splitting performance;
morphology engineering is utilized to expose more active sites.
In practical applications, the combination of different strategies
is more effective in balancing OER and HER performances.
Despite the promising progress in the development of 2D
electrocatalysts for full water splitting, there are still some
problems to be solved in the practical application of water
electrolysis.

First of all, the current yields, quality and quantity of 2D
nanomaterials are still insufficient to meet industrial and
commercial demands, so developing effective tactics for the
large-scale production of high-quality 2D materials is needed.
Therefore, there is a great need to optimize the current
synthesis methods. Besides, the long-term stability and toxicity
of the synthetic routes are also of great concern. The ideal 2D
catalysts should be easy to prepare on a large scale, highly
stable, environmentally friendly and cost-effective. Thinner
even monolayered or more defective 2D bifunctional electro-
catalysts can achieve high electrocatalytic performance, but
such electrocatalysts often show problems such as inactivation
caused by structural instability, especially under harsh reaction
conditions. In this regard, it is crucial to seek new methods to
synthesize inherently stable 2D electrocatalysts or develop effi-
cient protection strategies to stabilize 2D electrocatalysts during
electrocatalytic processes. Especially, balancing and optimizing
the activity and stability in industrial-scale applications, like in
strong alkali electrolytes, under high temperature or high
current density (e.g., 1 A cm ™ ?) conditions, are also a challenge.
Second, the current characterization of 2D bifunctional elec-
trocatalysts is usually based on non-in-situ methods. However,
the chemical reaction process is dynamic, and the intermedi-
ates as one of the most important factors cannot be detected
using these methods, leading to a poor understanding of their
working mechanism. Therefore, in situ characterization and
tracer techniques such as in situ Raman, in situ Fourier trans-
form infrared and in situ XAFS should be developed to obtain
real-time observations and investigations on the intermediates,
the valence and electron distribution of the catalytically active
sites, and the catalytic pathway, thus constructing the rela-
tionships between the structure and performance of 2D
bifunctional electrocatalysts. This will help to get an in-depth
understanding on the fundamental principles of 2D bifunc-
tional electrocatalysts during full water splitting at the atomic
level. Third, the gap between the molecular configurations in
theoretical calculations and the actual products in experiments
hinders the investigation of the activity origin in many elec-
trocatalytic processes. This is due in part to the limitations of
current computing power and the complexity of currently
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available candidates with multiple physico-chemical properties.
As a result, the fundamental basis for the active origin is still
highly needed. Finally, 2D bifunctional electrocatalysts show
good catalytic activity in alkaline water electrolysis, but in
practical applications, electrocatalysts that are universal to pH
are still a challenge. 2D bifunctional electrocatalysts for pH
generalization or seawater electrolysis are still quite limited in
practical applications.

With the development of materials science and chemistry,
we believe that any kind of 2D nanomaterial can be prepared
into a single layer or a few atomic layers using appropriate
methods. Going forward, the combination of theoretical
calculations, experimental measurements, and advanced spec-
troscopic characterization may be the best way to design and
develop novel 2D bifunctional electrocatalysts. Bridging the gap
between theory and experiment for 2D electrocatalysts is critical
and will require close collaboration between materials scien-
tists, computational chemists and electrochemists. We believe
that the systematic and comprehensive content of this review
will stimulate wider research and attention to the further
advances of 2D nanomaterials as bifunctional electrocatalysts
for full water splitting.
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