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Introduction

Two-dimensional materials as catalysts, interfaces,
and electrodes for an efficient hydrogen evolution
reaction

Yun Seong Cho 2’ and Joohoon Kang ‘& *

Two-dimensional (2D) materials have been significantly investigated as electrocatalysts for the hydrogen
evolution reaction (HER) over the past few decades due to their excellent electrocatalytic properties and
their structural unigueness including the atomically thin structure and abundant active sites. Recently, 2D
materials with various electronic properties have not only been used as active catalytic materials, but also
employed in other components of the HER electrodes including a conductive electrode layer and an inter-
facial layer to maximize the HER efficiency or utilized as templates for catalytic nanostructure growth. This
review provides the recent progress and future perspectives of 2D materials as key components in electro-
catalytic systems with an emphasis on the HER applications. We categorized the use of 2D materials into
three types: a catalytic layer, an electrode for catalyst support, and an interlayer for enhancing charge trans-
fer between the catalytic layer and the electrode. We first introduce various scalable synthesis methods of
electrocatalytic-grade 2D materials, and we discuss the role of 2D materials as HER catalysts, an interface
for efficient charge transfer, and an electrode and/or a growth template of nanostructured noble metals.

ution reaction (HER)." To enable the reaction, the required
thermodynamic Gibbs free energy (AG) is approximately

Electrochemical water splitting is an environmentally friendly
way for green hydrogen production through the hydrogen evol-
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237.2 kJ mol™", corresponding to the uphill reaction with a
standard potential (AE) of 1.23 eV compared to the reversible
hydrogen electrode (RHE).” The HER includes the Volmer step,
the Heyrovsky step, and the Tafel step for each acidic and alka-
line condition, expressed as follows:*
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In acidic electrolytes:
Volmer step

H;0" +e” +* — H*+ H,0 (1)
Heyrovsky step
H* + H;0" + e~ — H, + HO+* (2)
Tafel step
H* + H* — H, +2* (3)

In alkaline electrolytes:
Volmer step

H,0+e +* — H* + OH~ (4)
Heyrovsky step
H* + H,0+e — H, + OH +* (5)
Tafel step
H* + H* — H, + 2% (6)

For efficient hydrogen production based on the above reac-
tions, many considerable factors, including the kinetics of
each step, electron mobility, adsorption and desorption of
hydrogen ions, and the separation rate of generated hydrogen
gas, can contribute to increase AE higher than 1.23 eV as an
activation barrier of the reaction. Therefore, it is highly necess-
ary to investigate a comprehensive system for HER (i.e., cata-
lytic electrode), consisting of not only catalytic materials, but
also interfacial layers and conducting electrodes, to fully opti-
mize such factors and the resulting HER efficiency.

A straightforward approach to develop catalytic electrodes is
combining different materials for exploiting each desired prop-
erty. This strategy is synergetic in the way of integrating a con-
ductive electrode component that facilitates efficient charge
transfer with catalytic materials triggering active reactions at
the electrolyte interface. For such synergetic catalytic electro-
des’ preparation, various carbon supports have been used to
ensure efficient electron flow as an electrode part.*® In the
catalyst part, where the reaction occurs directly upon contact
with the electrolyte, achieving high activity is important, with
predictions primarily based on the hydrogen adsorption free
energy.® The well-known catalysts with superior electrocatalytic
performances (i.e., a low overpotential and small Tafel slope)
are generally based on noble metals (e.g., platinum, Pt).”
Regardless of the remarkable performances, their high cost
and scarcity in quantity highly motivate us to minimize their
use by maximizing effective active sites (i.e., single-atom cata-
lysts) or discover other cost-effective material candidates to
replace noble metals.®® Lastly, a new perspective is proposed
to enhance the performance of existing catalysts by designing
a functional interfacial layer between electrodes and catalysts
to control over the desired charge transfer. The flow of elec-
trons enhanced through semiconductor heterojunction struc-
tures is a notable example and has been actively studied in

recent years. !
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For more than a decade, two-dimensional (2D) materials
have received significant attention as an alternative materials
family to replace the conventional noble metal-based catalysts
due to their promising electrocatalytic properties, such as a
large surface area and ease of charge transport.">"? The atom-
ically thin and unique structure ensures that even as a mono-
layer, all edge active sites are exposed, resulting in significant
catalytic efficiency.® In particular, 2D structures minimize
dangling bonds, leading to reduced electron scattering and
improved electrical properties unlike other dimensional
materials.”>'® These properties correspond to the catalytic
role, which requires effective charge transfer to the active sites.
Moreover, the ease of sheet-to-sheet electrical connectivity
through van der Waals (vdW) interactions and the scalability
to wafer-scale make 2D structures a promising platform for
many electronic applications.'” As a low-energy approach to
material integration, vdW integration represents the superior-
ity of 2D materials in terms of cost-effectiveness.'®'® This
physical assembly method does not rely on one-to-one chemi-
cal bonding and does not involve direct chemical processing
of existing materials. Furthermore, electrocatalytic-grade 2D
materials can be easily synthesized in a large quantity at a rela-
tively low cost compared to noble metals. Toward this end,
solution-based processing of 2D materials such as liquid-
phase exfoliation (LPE), alkali metal intercalation, and mole-
cular intercalation-based electrochemical exfoliation may be
one of the most suitable approaches for scalable synthesis of
2D materials for electrocatalytic applications.?®!

A broad range of electronic properties of 2D materials
including metallic, semiconducting, and insulating properties
are desirable to implement in each part of the catalytic elec-
trode, which is mainly composed of catalysts, interfaces, and
electrodes.”” The use of 2D electrode materials, such as gra-
phene, allows the fabrication of catalytic electrodes with thick-
ness advantages, which demonstrate excellent HER catalytic
properties when combined with noble metals.>*** Additionally
in the catalyst part, strategies such as defect engineering have
been employed to maximize the active sites of 2D catalytic
materials and enhance the HER activity, leading to significant
performance improvements.”>?*® A semiconductor heterojunc-
tion structure, embodied as a p—n junction, facilitates efficient
charge transfer and functionalization, thanks to its internal
built-in potential.'® While the synthesis of heterostructures
such as p-n junctions for HER catalytic electrodes often
involves complex processes of chemical integration into the
base material, vdW heterostructures can be achieved simply by
vertically stacking 2D sheets.”””*® vdW heterostructures are
used in various electronic applications due to their excellent
electrical conductivity, suggesting that they will be actively
applied as catalytic electrodes in the future.>® However, it has
not yet been fully elucidated to use 2D materials as an inter-
facial layer due to the lack of fully optimized scalable synthesis
methods.

Here, we provide a thorough review on the roles of 2D
materials with diverse electronic properties in improving the
HER efficiency as catalytic materials, interlayers, and conduc-
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tive electrodes, respectively. For example, 2D semiconducting
transition metal dichalcogenides (TMDCs) such as molyb-
denum disulfide (MoS,) are the most intensively studied 2D
catalytic materials.>® In particular, several synthesis methods
of 2D TMDCs for HER have been reported to maximize active
sites (e.g., edges or defects on a basal plane) as well as to
induce phase transformation from the semiconducting 2H
phase to the metallic 1T phase for efficient charge
transport.’’** Besides, 2D semiconducting materials with
different electronic types can be simultaneously placed at the
electrode/catalyst interface by forming a p-n junction.”®
Finally, 2D metallic materials have been used as conductive
electrodes or templates for the synthesis of other catalytic
materials with controlled nanoscale morphologies.*?

2D material-based catalytic electrodes
for HER

A catalytic electrode for HER can be mainly categorized into
three parts as illustrated in Fig. 1a: (i) a catalyst layer that
directly interfaces with the electrolyte; (ii) an interlayer where
the charge transfer occurs; (iii) a conductive electrode layer
which primarily supplies electrons.>**> With a rapid emer-
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gence of 2D materials research, various 2D materials with
desired electronic properties can be directly implemented to
each layer for improving HER properties.

TMDCs have been the most widely studied catalytic 2D
materials family for HER because of the expected free energy
of hydrogen adsorption on the surface, which is a key para-
meter in HER kinetics.*>**"*® As shown in Fig. 1b, the relation-
ship between the HER efficiency and the hydrogen adsorption
energy was quantified as a ‘volcano plot’, which is a function
of the catalyst’s exchange current density and hydrogen
adsorption free energy (AGy-).'> When AGy- < 0, the rates of
both Tafel and Heyrovsky reactions, which involve the combi-
nation of hydrogen adatoms into hydrogen molecules, can be
constrained. Conversely, when AGgy- > 0, the rate of the Volmer
reaction, which involves the formation of hydrogen adatoms,
is slowed down. As a result, catalysts placed at AGy- ~ 0 in the
volcano plot, where the hydrogen adatom is moderately
bound, are considered as strong candidates for HER, in
accordance with the Sabatier principle.*® This principle under-
scores the importance of maintaining a delicate balance in
catalyst-reactant interactions, as it influences the catalyst’s
effectiveness in the reaction.® In this context, TMDCs such as
1T-WS,, MoSe,, and MoS, are considered as starting materials
for HER catalysts, and further modifications such as size selec-
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Fig. 1 (a) Schematic illustration of the electrocatalysis electrode for the HER consisting of a catalyst layer, an interlayer, and an electrode layer. (b)

Volcano plot illustrating the relationship between the exchange current density and the free energy of hydrogen adsorption for different catalysts:
free-standing MoS, edges, MoS, edges on Au (111), MoS; edges on graphene, vertically grown MoS, edges, vertically grown MoS, edges doped with
Fe, Cu, Ni and Co, vertically grown MoSe; edges, and a 1T WS, basal plane. Various metal catalysts are also presented for comparison. Data sources:
ref. 40—42. Reproduced with permission from ref. 12 Copyright 2016 John Wiley and Sons. (c) Scanning electrochemical cell microscopy (SECCM)
set up and the corresponding SECCM current image of MoS, nanosheets during the HER. Reproduced with permission from ref. 44 Copyright
2020 John Wiley and Sons. (d) Band edge positions of single-layer TMDCs relative to the vacuum level. The redox potentials of water splitting at pH
0 (red dotted line) and pH 7 (green dashed line) are also shown for comparison. Reproduced with permission from ref. 49 Copyright 2013 American
Chemical Society. (e) Scheme describing the g-C3N4/MoS, nanocomposite and charge density differences in the g-C3N4/MoS, nanocomposite. The
red and blue regions represent charge accumulation and depletion, respectively, for the isosurface value set at 0.001 e A~3. Reproduced with per-
mission from ref. 52 Copyright 2013 Royal Society of Chemistry. (f) Electrical conductivities of graphene, Ag, Cu, Au, MXenes, and PtSe,. Data
sources: ref. 59-63. (g) La Mer diagrams describing the mechanism of nucleation and subsequent growth of Pt nanoflowers for different synthesis
methods. Reproduced with permission from ref. 33 Copyright 2022 The Authors.
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tion, defect formation, and doping have been attempted to
achieve better catalytic activity.’®*® Such efforts to maximize
catalytic active sites in 2D nanosheets can be resolved by inves-
tigating high-resolution scanning electrochemical cell
microscopy (SECCM) analysis (Fig. 1c).** This analysis clearly
visualizes that the active sites are structurally concentrated at
the edge sites of 2D TMDCs by using high-resolution SECCM
imaging.***

A broad range of semiconducting 2D materials also can be
potentially utilized as an interlayer between a catalytic layer
and an electrode to improve charge transfer. From energy
band alignment-based simple expectations, specific 2D
materials with desired electronic band structures can be easily
chosen as an interlayer from the entire family with diverse
electronic properties with respect to their elemental
compositions.*®*” The energy band structure of 2D materials
can be further modulated by controlling the number of layers
(i.e., thickness) in their atomically thin limit due to quantum
confinement effects.*””*® As shown in Fig. 1d, a list of TMDCs
possessing diverse energy bandgap properties can be placed at
the interface between a catalytic layer and an electrode with a
vertically-stacked catalytic electrode configuration to boost up
charge transfer.” For example, the HER performance and
stability can be highly improved by designing a facile transfer
of electrons from a high conduction band to stepwise lower
conduction bands with an energy level where the HER
occurs.’®”! Furthermore, this approach enables us to obtain
higher energy efficiency beyond the applied voltage by directly
utilizing sunlight to transfer excited charges to a catalyst
surface through an interlayer (Fig. 1e).%*>3

Lastly, metallic 2D materials such as graphene and MXenes
have been investigated as conductive electrode layers.”*° In
addition to their intrinsically high electrical conductivity, their
assembled thin film structure with vdW interfaces has the
structural advantage of minimizing the charge momentum
loss at the nanosheet-to-nanosheet interfaces and providing
very clean interfaces that promote charge transport, preserving
high electrical conductivity (Fig. 1f).>”*® Graphene, in particu-
lar, exhibits the electrical conductivity surpassing that of
metals like Ag, Cu, and Au as commonly used electrodes.’® '
Other 2D materials like MXenes and PtSe, have similarly
shown high electrical conductivity, as the emergence of inno-
vative electrodes.®®®® Besides, such conductive 2D materials
can be adopted as templates for synthesizing metallic nano-
particles, aiming to control their shapes by leveraging distinct
electrical characteristics (Fig. 1g).>* The reaction rate, a key
variable to determine final nanostructures, can be easily con-
trolled by the electrical resistance of the template.*

2D materials as catalyst layers
Synthesis methods of 2D materials

With several decades of history of 2D materials research,
various synthesis methods have been reported as illustrated in
Fig. 2. As described in the x- and y-axis, respectively, the pro-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Plot comparing the production yields and relative catalytic active
site densities of 2D materials produced by various synthesis methods.

duction yield and active site density for HER (inversely pro-
portional to the lateral size, in general) have a trade-off
relationship. Since the first micromechanical exfoliation of
monolayer graphene using Scotch tape by Novoselov et al. in
2004,°* many fundamental studies including electrochemical
reactions from individual nanosheets have been pursued to
achieve a systematic understanding of the underlying mecha-
nisms of hydrogen evolution.®>®® However, this synthesis
method limits to utilize 2D materials in practical applications
(i.e., industrial level production of hydrogen gas) due to the
lack of scalability. To overcome this limitation, a scalable syn-
thesis method of 2D materials via chemical vapor deposition
(CVD) processes has been proposed, enabling the synthesis of
2D materials in wafer-scale.®” However, the CVD method is
strongly dependent on the growth substrate, and thus this
approach further requires to transfer to evaluate the HER per-
formance of 2D materials. Considering the optimal samples
for HER applications, both the abovementioned approaches
are not fully satisfying these requirements: (i) the approach for
synthesizing smaller lateral sizes to maximize active site den-
sities has been favoured;*>**®° (ii) given the necessity for com-
petitive pricing to replace costly noble metal catalysts, the pro-
duction yield, indicating the process efficiency, has been
selected as a key metric;’® (iii) specifically, for TMDCs with
active sites primarily located at the edges or basal plane
defects, scalable synthesis processes inducing smaller lateral
sizes and vacancies might be more advantageous.”* From this
perspective, solution-based processing stands out as a suitable
candidate such as LPE, alkali metal intercalation, and mole-
cular intercalation-based electrochemical exfoliation.”> These
solution-based processing methods enable the production of
electrocatalytic-grade 2D materials in a large quantity as a
stable dispersion form in a cost-effective way. LPE is used to
produce 2D materials from their bulk crystal or powder by
application of ultrasonication, shear mixing, and ball milling.
The resulting materials possess relatively smaller lateral
dimensions (<100 nm) with a broad range of thickness distri-
butions.*' 2D crystals can be also exfoliated by intercalation of
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alkali metals (e.g., Li, Na, and K) and stabilized in a solvent.”
In this case, the resulting 2D semiconductors possess relatively
large lateral sizes (~1 pm) in their atomically thin limit, but
interestingly exhibit metallic behaviour in their electronic pro-
perties originated from the phase transformation (i.e., 2H to
1T). While the alkali metal intercalation-driven 2D materials
exfoliation results in a metallic behaviour of the samples,
another type of intercalation method, molecular intercalation-
based electrochemical exfoliation, can produce 2D samples
with similar structural characteristics to the alkali-metal inter-
calated ones (i.e., relatively large lateral sizes (~1 pm) in their
atomically thin limit), but exhibiting intrinsic semiconducting
properties without phase transformation.”® The abovemen-
tioned solution-based processing methods for 2D materials
have been commonly explored for scalable production of 2D
materials for HER applications. However, the distinctive pro-
perties in the structure and electrical behaviour of the result-
ing materials have been considered for their use in each part
of the catalytic electrode to maximize their potential for HER
performance.
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Demonstration and practical application of catalytic 2D materials

For decades, MoS, has been attracting significant attention as
a catalytic 2D semiconductor for HER due to its promising
catalytic properties and cost-effectiveness.”* As the edge sites
of MoS, have been expected to be the active site of the electro-
chemical reaction, while the basal plane has been considered
as electrochemically inert,*” it was first demonstrated through
a microcell fabricated through selected-area lithography
(Fig. 3a)."* To compare the HER performance of each basal
plane and the edge sites of the CVD-grown monolayer MoS,,
all samples except for the reaction area were covered with poly
(methyl methacrylate)(PMMA), and only the designated area of
the MosS, single flakes was selectively reacted (Fig. 3b and c).
As a result, the expected higher catalytic activity at the edge
sites was experimentally demonstrated (Fig. 3c and d).
Therefore, many attempts have been further made to maxi-
mize the active site densities of MoS,, which has potentially
comparable catalytic performances to noble metals. Most
intuitively, an interesting approach has been reported that
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Fig. 3 (a) On-chip local probe measurement setup for investigating the HER activity of a single MoS; flake. (b and c) Optical images of the chips for

measuring the HER activities of the (b) ~0.8 um? basal plane and (c) 0.3 pm? basal plane and 0.8 ym edge. (d) Polarization curves of the monolayer
MoS, basal plane, both with and without edge active sites, in the context of the HER. Reproduced with permission from ref. 14 Copyright 2017 John
Wiley and Sons. (e) Scheme of edge-terminated TMDC films with the layers aligned perpendicular to the substrate, maximally exposing the edges of
the layers and the corresponding TEM image. Reproduced with permission from ref. 40 Copyright 2013 American Chemical Society. (f) Comparison
plot of catalytic activity between flat and nanoscrolled TMDCs. Reproduced with permission from ref. 75 Copyright 2022 American Chemical
Society. (g) Synthesis processes of various morphologies. Reproduced with permission from ref. 76 Copyright 2022 John Wiley and Sons. (h) SEM
image of the bulk MoS, powder and photos of (i) MoS, dispersion with a volume of 60 liters, (j) bare Cu foam and (k) the MoS,-based catalyst
loaded on Cu foam. Reproduced with permission from ref. 77 Copyright 2020 Springer Nature.
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grows MosS, as vertically aligned layers to expose highly dense
edge sites (Fig. 3e).”® Furthermore, HER performances can be
improved by applying thermal strain to induce more cracks and
kinks to the CVD-grown MoS, with a controlled cooling rate.”” It
was also observed that when the rolling-up process was acceler-
ated through liquid intercalation at the crack site, it was recon-
structed into a nanoscroll and greatly improves the electro-
chemical reaction rate (Fig. 3f). Morphological approaches
through the modification of synthetic methods were also con-
sidered, successfully yielding a variety of morphologies, includ-
ing nanoparticles, nanoflowers, nanospheres, nanohollows, and
oxide composites via a facile route hydrothermal process
employing different solutions (Fig. 3g).”® These results suggest
that structural differences in pure materials alone can lead to
more promising electrocatalytic activities.

The excellent alternative with demonstrated potential can
address the challenge of high-throughput scalable production
for cost-effective, efficient, and durable electrocatalysts that
perform well at high current densities required by industry. A
uniform and stable catalyst plate can be achieved by applying a
mass-produced MoS,-based ink onto square meter scale Cu
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foam, followed by thermal treatment (Fig. 3h-k).”” In addition
to the cost-effectiveness, the production rate keeps increasing
with subsequent developments of the exfoliation process, so it
has huge potential as a catalyst for the next-generation electro-
chemical industry.

Modification to maximize the active sites of 2D materials

To address the significant challenge of limited active sites in
2D vdW materials, many approaches to modify the inactive
basal plane have been proposed by introducing defects.”®”®
The predominant method for enhancing activity involves
etching and introducing a new element through doping can
activate the otherwise inert basal plane. For example, MoS,
can undergo a top-down process to create edge sites on the
basal plane through selective steam etching (Fig. 4a).*° The
process is cascaded by varying the temperature of multilayer
flakes, further increasing the density of active sites (Fig. 4b).
The impact of etching was clearly demonstrated through
microcell analysis (Fig. 4c and d) for precise measurement of
HER performances. Consequently, as shown in Fig. 4e, the
Tafel slope of etched MoS, shows as low as approximately
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Fig. 4 (a) Schematic of the evolution of hexagonal pits on two layers of MoS,. (b) Sectional schematic corresponding to (a). (c) Photo showing the
electrochemical microcell. (d) Optical microscopy image of the microcell, revealing a window (indicated by the white dashed square) exposing the
MoS, basal plane. The scale bar is 20 pm. (e) Typical polarization curves measured from pristine and etched MoS,-based microcells in 0.5 M H,SO,4
at a scan rate of 5 mV s, accompanied by the corresponding Tafel plot in the inset. Reproduced with permission from ref. 80 Copyright 2018
Elsevier. (f) Illustration of the RIE and electrochemical Pt deposition processes. Reproduced with permission from ref. 48 Copyright 2023 The
Authors. (g) Schematic outlining the chemical etching process for introducing single S vacancies. Reproduced with permission from ref. 81
Copyright 2020 American Chemical Society. (h) Schematic illustration of the two-step CVD growth to synthesize the 1T’ Re,Mo;_,S,—2H MoS,
lateral heterostructure. Reproduced with permission from ref. 85 Copyright 2022 John Wiley and Sons. (i) Schematic illustrating the fabrication of Bi/
CoP catalysts and a comparison of the HER energetic pathways between pristine CoP and Bi/CoP. Reproduced with permission from ref. 86
Copyright 2020 Royal Society of Chemistry.
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100 mV dec™', resulting in a significantly improved reaction
rate mostly originated from the increased active sites. As
revealed, point defects (e.g., vacancies) formed on the basal
plane can serve as additional active sites, leading to the
pursuit of defect engineering through a mild process rather
than complete etching, such as low-energy plasma etching and
electrodeposition of metal particles to induce vacancies.>**%>8
Fig. 4f illustrates the overall process of maximizing vacancies
by sequentially introducing metal electrodeposition following
plasma etching.*® In the cases where a structure is challenging
to etch vertically, vacancies can be formed through a solution
process. An unstable and highly oxidizing solution, such as
H,0,, can be employed for this purpose (Fig. 4g).*"

One of the primary challenges in surface defect engineering
via etching is the issue of stability, often arising from the
unstable flake state. Considering that the presence of chalco-
gen vacancies in 2D TMDCs can directly impact stability, it is
noteworthy that interfaces within 2D materials, such as grain
boundaries or homojunctions, exhibit imperfect lattice struc-
tures and improved chemical reactivity.*>"®* Fig. 4h illustrates
a process of minimizing vacancies and creating an unstable
lattice structure on the basal plane by introducing a third
element during crystal synthesis via CVD.®> The resulting het-
erojunction flakes exhibit an average hydrogen adsorption free
energy of nearly zero (0.26 eV), leading to a significant
improvement in the catalyst performance. Furthermore, there
are instances where the synthesis of intricate morphology
structures, followed by doping, has been employed to maxi-
mize the desired effects.®*™®® For instance, a 3D hierarchical
CoP nanoflower, which was synthesized using the metal-
organic framework self-sacrifice strategy, can be produced
(Fig. 4i).%° Additionally, bismuth doping was introduced into
the CoP nanoflower, synergistically optimizing the binding
free energy of H adatoms on the CoP (202) facet and improving
the HER performance. Based on such modification strategies,
promising candidates that could genuinely replace noble
metal catalysts are increasingly emerging.

2D materials as electrode layers
2D electrodes for loading catalysts: graphene

Graphene, with its high electrical conductivity and high
surface area, plays a crucial role as a charge transfer pathway for
HER catalysts such as 2D TMDCs and noble metals.?!
Attempts to use high-quality large-area graphene to manufacture
a catalytic electrode of a substantial wafer-scale start with finding
an effective transfer method. Large-area single-layer graphene
grown using CVD is primarily produced through the reaction of
methane on copper or nickel (Ni) foil.*”** Subsequently, the sub-
strate needs to be removed and the graphene should be carefully
positioned according to the desired location. Polymer-based dry
or wet transfer methods have been developed and demonstrated
utilizing materials such as PMMA,” poly(bisphenol A
carbonate),”*®* polystyrene,”® and thermal release tapes.””
Among these options, PMMA is the most widely employed due to
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its compatibility, light transparency, ease of handling, and adjus-
table viscosity.”>°*° However, it is known that the polymer is
not entirely removed during the transfer process, leaving behind
the residue,'°*'%" which is detrimental for charge transfer charac-
teristics that highly suppress the intrinsic characteristics of elec-
trode materials. In addition to the surface contamination, water
molecules and electrolyte ions can penetrate between graphene
and base substrates, often through edges or small cracks in
single-layer graphene during the HER. As the reaction begins and
the hydrogen bubbles evolve, the graphene is supposedly separ-
ated from the substrate during the reaction.'*'%

Producing graphene electrodes for HER that are free from
contamination and breakage can be approached in various
ways. An improved transfer method, the flipped transfer tech-
nique, was developed by incorporating PMMA as an assisting
adhesive layer (Fig. 5a)."” This method ensures the achieve-
ment of a pristine graphene surface free from polymer con-
taminants. Moreover, the hydrophobic PMMA layer sitting
between the graphene electrode and the hydrophilic SiO, sub-
strate was optimized to enhance electrochemical reactions by
preventing water infiltration and minimizing bubble-induced
damage. This configuration is appropriate for electrochemical
reactions, as the hydrophobic PMMA layer sitting between the
graphene electrode and the hydrophilic SiO, substrate prevents
water intercalation and eliminates bubble-related damage.

For more practical applications of graphene, efforts have
been made to produce large area films on a wafer-scale.'®*
Particularly, the solution-based process obtained from LPE has
garnered significant interest.'°>'°® LPE is a top-down method
suited for mass production and offers cost advantages through
a low-temperature process. Using the resulting solution, gra-
phene films can be prepared in various ways, including dip
coating,'”” drop casting,'®® spin coating,'®® spray coating,'*°
and inkjet printing."*""** Fig. 5b compares the effect of a gra-
phene film as a filter for nano-size catalysts with a maximized
surface area.’® The uniform film was fabricated by simple
vacuum filtration without using a binder, thereby preventing
problems represented by additional resistance in advance.'*?
The cross-section of the film with the catalyst vertically loaded
clearly showed the separation of the graphene layer, which
effectively acted as a filter (Fig. 5c). Facilitating the movement
of electrons from graphene electrodes to catalysts through
chemical bonding, rather than simple physical bonding, can
be designed. This approach involves the induction of uniform
adsorption of metal cations onto the modified graphene sheet
through electrostatic attraction, leveraging the strong negative
charge on the sheet’s surface.'** (Fig. 5d-f) The method
enables the production of a practical catalytic electrode utiliz-
ing almost 100% of the raw material. This strategy ensures
excellent durability and thus provides a new platform for large-
scale and high-yield production of graphene nanosheet-based
electrocatalysts.

2D electrodes as templates for metallic catalyst growth

The efficiency of catalyst performance depends greatly on how
the catalyst is loaded. Typically, catalysts are applied using

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Schematic illustration of the PMMA-assisted flipped transfer method. In contrast to conventional transfer methods, PMMA is employed as
a substrate instead of a sacrificial layer. Reproduced with permission from ref. 103 Copyright 2017 American Chemical Society. (b) Schematic of the
graphene nanosheet (GNS)-assisted approach for generating nanocatalyst electrodes. (c) SEM images of the GNS layer and the MoS,/GNS compo-
site. Reproduced with permission from ref. 68 Copyright 2021 The Authors. (d) Dispersion of a graphene oxide (GO) solution. (e) Addition of
ammonia and metal cations to create a GO ion ink. (f) Application of the GO ion ink to the surface of a graphite foil using an automatic film applica-
tor. Reproduced with permission from ref. 114 Copyright 2018 John Wiley and Sons.

ink-based preparation methods onto electrodes, which include
drop casting,'*>''® dip coating,""”
methods involving atomic layer deposition and sputtering
have also been suggested."'®™'® However, ink-based methods
often struggle to achieve a uniform thin film, often exhibiting
issues like the coffee ring effect and aggregation.''*'*°
Ensuring proper adherence to substrates is another substantial
challenge common to the above methods."”" Given these chal-
lenges, research has increasingly focused on cultivating catalysts
that form a chemically robust bond with the electrode material,
aiming to improve the efficiency. As shown in Fig. 5d-f, 2D vdW
materials like graphene offer the advantage of strong and
uniform adsorption, even at defect sites along the material’s
edges and basal plane." This characteristic makes these
materials excellent templates for catalytic synthesis.
Furthermore, HER catalysts can be directly synthesized on a
conductive graphene electrode layer to minimize the contact
resistance. In Fig. 6a, Ma et al. synthesized MoS, on graphene
to enhance conductivity for HER application and produced a
binder-free, self-standing electrode.'”” They synthesized MoS,
through a one-pot solvothermal method, which greatly lowered
the reaction rate and succeeded in synthesizing flower-like
complex structures. Catalytic metal nanoparticles can also be

and spray casting.''® Some

This journal is © The Royal Society of Chemistry 2024

synthesized by electrodeposition."**'** Fig. 6b illustrates the

synthesized Ni particles near defects in a graphene plane
(Fig. 6¢)."**

Furthermore, controlling the morphology'*® of catalytic
nanoparticles has been considered as an important goal to
maximize electrocatalytically active sites and minimize coales-
cing hydrogen bubbles on the surface. The most critical factor
influencing the morphology of particles is the reduction rate
of metals."”>"'*® For the successful control over complex mor-
phologies, it is imperative to maintain an extremely low
reduction rate, necessitating prolonged reaction times during
the overall nucleation and growth stages in this liquid-phase
synthesis, which is based on homogeneous nucleation."*”"**® To
mitigate this challenge, the growth mechanism can be adjusted
to manipulate the particle morphology by altering the reaction
kinetics of Pt species through current modulation.”**** In
accordance with the diverse electrical properties of 2D
materials, which structurally can serve as an electron carrier,
the current flow to the surface can be regulated when employed
as a template. In Fig. 6d-g, templates with various current levels
were prepared and Pt particles were electrochemically de-
posited.®® Intriguingly, the shape and area density of the Pt
nanoparticles exhibited significant variations depending on the

Nanoscale, 2024, 16, 3936-3950 | 3943
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Fig. 6 (a) Scheme of the MoS,NF/rGO paper fabrication process and SEM images illustrating the cross-section and top view of MoS,;NF/rGO.
Reproduced with permission from ref. 122 Copyright 2014 Royal Society of Chemistry. (b) Preparation process of the Ni-rGO catalyst. (c) TEM image
of a single Ni particle supported on a rGO sheet and HRTEM images of the rGO sheet. The inset shows a closer view. Reproduced with permission
from ref. 124 Copyright 2017 Elsevier. (d—g) Top-view SEM images of Pt nanoparticles grown on CP, graphene, eMoS,, and sMoS, at 0.5
V. Reproduced with permission from ref. 33 Copyright 2022 The Authors. (h) Schematic representation of ultra-small Pt particles generated in situ
on the surface of a PtSe, nanosheet with Se vacancies. (i) The structural model used in density functional theory (DFT) calculations: a PtSe,
nanosheet decorated with a Pt;3 cluster. Colored circles mark the active sites and V,, indicates the inclusion of n Se vacancies. (j) TEM images of
PtSe,/Pt. (k) Magnified TEM image of PtSe,/Pt. Reproduced with permission from ref. 136 Copyright 2021 John Wiley and Sons.

growth template used. These template-dependent differences in
the Pt nanoparticle morphology can be attributed to variations
in the reduction rate of Pt ions for each template."** 3"
Templates with higher resistance result in a slower reduction of
Pt ions compared to the diffusion transport of the precursor,
preventing the formation of a blank layer around the nucleus
and maintaining an appropriate balance.'****' Under such con-
ditions, protrusions, such as edges or corners, are exposed to
the precursor more than the particle core, promoting faster
growth and leading to the formation of a flower-like
structure.’****' This groundbreaking strategy enables precise
shape control through a brief electrochemical reaction and
holds immense potential for various applications, as it can
effectively maximize the catalyst’s active surface area.

Lastly, 2D noble metal dichalcogenides (NMDs), which have
attracted attention for their high carrier mobility and stability,
can be another candidate for the strong interaction between
particles and templates.'**"'** For transition metal com-

3944 | Nanoscale, 2024, 16, 3936-3950

pounds, d-electrons define the phase structure and coordi-
nation environment, and the resulting interaction strength
with active species.”** In particular, the d-band, which rep-
resents electron states associated with the d-orbitals of tran-
sition metals, exhibits better stability because it is highly occu-
pied in NMDs, leading to strong metal adsorption on the
surface.'® Pt, a representative catalyst for HER, can construct
a heterointerface with PtSe, through an electrochemical
reduction method (Fig. 6h)."?° At this time, it was found that a
continuous Se vacancy was induced around the PtSe,/Pt
boundary to strengthen the connection with particles (Fig. 6i).
Large amounts of Pt particles at the edges of PtSe, were
observed, demonstrating the successful synthesis, and leading
to good catalytic performance (Fig. 6j and k).

2D materials as interlayers

In recent studies, researchers have focused on exploring the
interface layer between the catalyst and the electrode, which

This journal is © The Royal Society of Chemistry 2024
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plays a crucial role in facilitating charge transfer between
the catalyst and the electrode, while also imparting
additional functionalities. One of the key factors under
investigation is the Schottky barrier, which represents the
tunnel barrier encountered by electrons at the interface
between the semiconductor catalyst and the conductive
support.”®” This barrier can pose challenges to catalytic
activity, primarily due to inefficient charge injection. From
this standpoint, research has been conducted to accurately
understand how interlayers influence the control of HER
activity, considering the fact that adjacent support materials
can alter various factors affecting the HER, such as AGy and
the height of the Schottky barrier."*”**® Fig. 7a shows a photo-
graph of a microcell constructed using semi-metallic WTe, as
an interlayer between MoS, and Au electrodes.”*®
Micromechanically-exfoliated flakes were stacked, and HER
activities were elucidated to evaluate the influence of the inter-
layer without being affected by other factors. As a result, the
relatively close Fermi level alignment between MoS, and WTe,
resulted in a lower Schottky barrier, which could facilitate
efficient electron injection to improve HER activity
(Fig. 7b)."*”'*® Fig. 7c shows that a perfectly stacked structure
exhibits higher catalytic activity in common than a structure
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simply connected to MoS, and WTe,, which emphasizes the
need for an interlayer structure.'*®

In addition, Fig. 7d illustrates how electrons reach the HER
reaction within the context of energy band alignment when an
interlayer is introduced, also providing a potential applicability
as a photocatalyst.>>'*° The band energies of various 2D
materials for water redox potentials have been extensively
investigated, and 2D photocatalysts can be selected for water
reduction or oxidation reactions based on valence band
maximum (VBM) and conduction band minimum (CBM)
locations.'" As depicted in Fig. 7e, the creation of a p-n junc-
tion structure is an essential process for implementing the
photocatalyst.>® In the energy level diagram, p-type MnCo-CH
possesses only the HER potential, while NiFe-OH features an
overlapping energy level accommodating both electrons and
the OER potential (Fig. 7f).”® When these two materials come
into contact by forming a p-n junction, an adjustment in
energy levels occurs, resulting in distinct catalytic behaviours
for OER and HER within the hybrid structure (Fig. 7f).
Electrons flow from NiFe-OH to MnCo-CH and recombine
with holes until reaching Fermi level equilibrium, causing
band bending.”® This bending increases the gap between
NiFe-OH’s valence band and the OER potential, facilitating
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Fig. 7 (a) Optical image of the MoS,-WTe;, heterostructure. (b) Scheme of the MoS,-WTe, heterostructure and the band alignment at the MoS,—

WTe; interface. (c) Comparison plot of overpotentials. Reproduced with permission from ref. 139 Copyright 2019 John Wiley and Sons. (d) Proposed
mechanism for photocatalytic H, evolution under visible light irradiation and the energy level for the EY—MoS,-TEOA system. Reproduced with per-
mission from ref. 140 Copyright 2016 Royal Society of Chemistry. (e) Synthetic process of the MnCo—-CH@NiFe—OH p—-n junction. (f) Energy dia-
grams illustrating MnCo—-CH and NiFe—OH (left) and the MnCo—CH@NiFe—-OH p-n junction (right). Reproduced with permission from ref. 28
Copyright 2021 Elsevier. (g) STEM image of 3D nanoporous MoS,@rGO. (h) Schematic representation of MoS,@rGO. (i) Schematic illustration of
band alignment and the mechanism of photoexcited charge transfer in MoS,@rGO. Reproduced with permission from ref. 144 Copyright 2018
American Chemical Society.
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Synthesis method
Chemical vapor deposition
Chemical vapor deposition
Liquid phase exfoliation
Chemical vapor deposition
Chemical vapor deposition
Chemical vapor deposition
Chemical vapor deposition
Mechanical exfoliation
Mechanical exfoliation
Mechanical exfoliation
Solid-state synthesis

Table 1 HER performance of 2D materials-based catalytic electrodes

2H-MoS, on graphene
1T-MoS, basal plane
1T-MoS, Mo edge
1H-MoS, edge site

2H-MoS, basal plane
1H-MoS, terrace

2H-MoS, Mo edge
WTe, (010) edge
WTe, (100) edge

WTe,, basal plane
PtSe,

Sample
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23
24
33
124
80
81
48
136
139
85

Graphene electrode
Graphene electrode
Surface modification
Surface modification
Surface modification
Surface modification
Surface modification
Surface modification
Surface modification
Heterostructure

Heterostructure

28 mV dec™!
29 mV dec™!
53 mV dec™!
77 mV dec™!
96 mV dec™!
48 mV dec™!
53 mV dec™!
40 mV dec™!
58 mV dec™!

%)

30 mV(@10 mA cm™?)
12 mV(@10 mA cm™?)
74 mV(@10 mA cm™
36 mV(@10 mA cm™?)
350 mV(@10 mA cm™?)
131 mV(@10 mA cm™?)
198 mV(@10 mA cm?)
27 mV(@10 mA cm™?)
42 mV(@10 mA cm™?)
150 mV(@10 mA cm?)
84 mvV(@10 mA cm™?)

0.5 M H,S0,
0.5 M H,S0,
1M KOH

1 M NaOH
0.5 M H,S0,
0.5 M H,S0,
1M KOH
1M KOH
1M KOH
0.5 M H,S0,
0.5 M H,S0,

Immersed in 5 mol L™ H,0, solution

Ar plasma treatment
Electrochemical reduction method

Sacrificial template method
Microwave-assisted synthesis
Supergravity electrodeposition
Steam vapor etched @700 °C

Electrodeposition of Pt
Electrodeposition of Pt

Single atom Pt on graphene

Pt on N-doped graphene
Pt-deposited MoS,

Etched MoS, basal plane
Etched MoS, nanosheets
RIE-treated 1T-PtSe,
Pt-deposited 1T-PtSe,
1T'-Re,Mo; _,S,/2H-MoS,

Ni-rGO (/Ni foam
Pt/PtSe,

2H-MoS,/WTe,
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electron flow and a positive charge on NiFe-OH, enhancing
OH™ movement and promoting the OER.*® Simultaneously, it
widens the gap between MnCo-CH’s conduction band and
the HER potential, boosting electron mobility for H' reduction
to H,.”®

Photocatalytic design can be realized using monolayer 2D
materials."*>'*? For instance, a heterojunction between p-type
reduced graphene oxide (rGO) and n-type MoS,, synthesized
via CVD, provides a suitable example (Fig. 7g)."** In this con-
figuration, the CBM position of rGO is lower than that of
MosS,, with the energy level of the HER situated below the
CBM of MoS,. Consequently, this band alignment creates type-
II (staggered) heterojunction structures that facilitate effective
charge transfer upon photoexcitation. When exposed to visible
light, electrons are excited from the VBM of rGO to the CBM.
The designed CBM offset between MoS, and rGO promotes
efficient photoexcited electron transfer and facilitates the sep-
aration of holes and electrons, resulting in an electron-rich
MoS, layer conducive to the HER.'** Additionally, the photo-
generated electrons contribute to a positive bias during the
HER process, further enhancing the catalytic performance of
the MoS,@rGO catalyst.**

Conclusions and outlook

Scalable synthesis of electrocatalytic-grade 2D materials with
desired electronic properties to implement into catalytic elec-
trodes by understanding the roles of each part including a
catalytic layer, an electrode, and an interfacial layer can be an
important first step towards enhancing the 2D material-based
HER performance. Although considerable theoretical and
empirical studies of 2D materials have been reported for their
use in a catalytic layer and an electrode, investigations of inter-
layer applications remain relatively challenging due to the lack
of appropriate processing methods for scalable p-n hetero-
structure formation. Heterostructures have shown the poten-
tial to enhance both the HER performance and functionality,
but their accessibility has been limited by often involving
sequential synthesis processes.”®'*® However, the structural
advantages of vertical stacking in 2D materials can be a key in
addressing this issue. Furthermore, their wide range of electri-
cal properties offers extensive choices for structure design
based on energy bands. The excellence of 2D materials used as
catalysts and electrode layers is summarized in Table 1. The
HER performance of active sites in pristine 2D materials indi-
cates the necessity of catalyst surface modification, and the
modified catalysts exhibit outstanding characteristics.
Furthermore, the adoption of graphene as an electrode layer is
proven to be feasible by using Pt composites. However, due to
the limited research on the role of functional 2D materials in
enhancing the performance of catalytic electrodes as inter-
layers, only a few cases could be added. Improving synthesis
and large-area film fabrication methods for effective vertical
stacking can broaden the scope of functionality, ultimately
leading to the development of more advanced 2D catalysts.

This journal is © The Royal Society of Chemistry 2024
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This departure from the conventional paradigm focused on
catalytic surfaces provides new insights into increasing cata-
lytic activity in future research.
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