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The effects of Climate Change are now clearly evident across the world, with increasing storms,
precipitation, rising sea levels and draughts, with an ever increasing need to develop energy storage and
conversion approaches and devices to alleviate these issues. Hydrogen has emerged as a clean fuel with
no environmental issues and it can be coupled with renewable energy sources such as wind, solar and
wave energy. The excess energy from renewables can be employed to power electrolysis cells giving
rise to green or renewable hydrogen. This approach is attracting considerable attention as it has the
potential not only to provide a very clean energy source, but it also enables more efficient use of
renewable energy resources. One of the limiting factors in achieving high volumes of pure hydrogen is
the electrocatalytic materials used for the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER). In this review, we cover the progress made largely within the last six years in the
development of two materials that satisfy the conditions of being cost-effective, earth-abundant, simple
to form with little or no environmental concerns. The two materials are transition metal dichalcogenides
(TMDs) and layered double hydroxides (LDHs), with the latter often described as clays. Following a short
overview of the main synthetic methods used to form the TMDs and LDHs, and a short introduction to
the HER and OER, the performance of different LDHs, TMDs and their composites in the

Received 8th September 2023, electrochemical splitting of water, and as bifunctional electrodes is discussed. Finally, the ability of these

Accepted 7th November 2023 materials to act as electrocatalysts in seawater electrolysis and to serve as electrocatalytic materials for
the oxidation of alternative half-reactions to the sluggish OER is reviewed. Although more studies are
required, it is clear that these earth-abundant materials are promising electrocatalysts for the generation

of renewable hydrogen.
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energy consumption. Accordingly, there has been a clear effort
to reduce the use of fossil fuels and make a transition to

1. Introduction

The effects of Climate Change are now clearly evident across
the world, with dramatic changes emerging in the Earth’s
Climate." It is expected that by the middle of the next century
a temperature rise as high as 1.6 °C could be reached,
leading to increased precipitation and rising sea levels, with
major and negative economic, social and environmental
impacts."”” These effects are further compounded by the con-
stant pursuit of modernisation with the development of new
technologies that require extensive and ever-increasing global

“ Department of Chemistry, Maynooth University, Maynooth, Co, Kildare, Ireland.
E-mail: Carmel.Breslin@mu.ie

b School of Chemical Engineering, Yeungnam University, Gyeongsan, Gyeonghuk
38541, Republic of Korea

¢ Kathleen Lonsdale Institute, Maynooth University, Maynooth, Co, Kildare, Ireland

6478 | Mater. Adv., 2023, 4, 6478-6497

investing in renewable energy resources, such as wind, wave,
and solar energy.” However, these renewable resources are
variable and intermittent in nature. They cannot be used to
guarantee energy supply and therefore increasing the share of
renewable energy to the energy grid is a challenging task and
must be accompanied with efficient energy storage devices.
Some of the leading energy storage approaches include
batteries,* supercapacitors’ and hydrogen.® In particular,
hydrogen has been recognised as a sustainable, clean, eco-
friendly energy carrier with water as the only by-product when it
is used in fuel cells and other applications. Currently, over 90%
of the hydrogen comes from fossil fuel reforming and has no
climate benefit as it generates CO,. In contrast, electrolysis can
be used to produce renewable (green) hydrogen. In this case,
the excess or surplus energy from renewable energy resources,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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such as onshore and offshore wind and solar power, can be
used to provide the energy needed in the electrolysis reaction.
This makes electrolysis a promising, convenient, and environ-
mentally acceptable method to generate renewable hydrogen.
The splitting of water to give hydrogen and oxygen involves only
three molecules, H,0, O, and H,, however it is a complex
reaction, with various intermediates, adsorption and de-
adsorption steps”® and the electrocatalysts play a critically
important role. Noble metal based electrocatalysts, centred on
Pt, Ru and Ir, remain the most efficient for the splitting of
water. However, these are very expensive with limited reserves.

In recent years there has been significant attention devoted
to the development of new earth-abundant electrocatalysts for
the hydrogen evolution reaction (HER) and the oxygen evolu-
tion reaction (OER). Various electrocatalysts have been consid-
ered, including different transition metal oxides,” MOF-derived
oxides,"® perovskites,"" pyrochlore-type oxides,"> transition
metal carbides,"® sulfides’® and phosphides."* Among these
emerging materials two-dimensional (2D) materials have
attracted significant attention due to their unique electronic,
optical, and catalytic properties, as well as their exceptional
surface-to-volume ratios.">'® In particular, the transition metal
dichalcogenides (TMDs),"”'® and layered double hydroxides
(LDHs)">*° have shown excellent potential as noble metal-free
electrocatalysts for water splitting, since these materials are
cost-effective, easily accessible, with facile fabrication methods.
Additionally, they are abundant and rich in resources com-
pared to the noble metal-based systems.>*

The TMDs are a family of 2D materials comprising transi-
tion metal atoms (e.g., Mo, W) sandwiched between chalcogen
atoms (e.g., S, Se). They have garnered significant interest in
water splitting applications due to their intrinsic catalytic
activity for both HER and OER, making them versatile catalysts
in overall water-splitting systems.?* Likewise, LDHs are a class
of 2D materials with a layered structure consisting of divalent
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and trivalent metal cations, commonly Fe, Mn, Ni, Co and Cu
with an interlayer charge compensating species, such as
organic/inorganic anions and water molecules.”® Their large
surface area and interlayer spacing offer abundant active sites
and easy ion diffusion, promoting efficient charge transport
during the water-splitting process.>* Although TMDs, and LDHs
possess unique characteristics that can be utilised to improve
the effectiveness of water-splitting reactions, there are certain
drawbacks that require attention. These include low intrinsic
activity, structural stability, limited active sites, and imbal-
anced catalytic performance.”” As a solution, heterostructure
materials have been proposed to overcome the aforementioned
limitations, which not only preserve the essential features of
the individual components, but engender novel properties
arising from the synergistic effects of two or more materials as
heterostructures.>®*’

In this article, we review the recent developments in the
application of TMDs and LDHs in the design of both HER and
OER electrocatalysts. A comprehensive summary is provided on
the research findings, arising mainly from the last six years,
focusing on the predominant techniques employed to synthe-
sise the TMDs, LDHs, and their composites, and their perfor-
mance as HER, OER and as bifunctional electrocatalysts in the
splitting of water. In addition, the performance of these 2D
materials in seawater electrolysis and as electrocatalysts for
alternative OER half-reactions, aiming to reduce the overall
energy consumption, are described and discussed.

2. Summary of the main synthetic
methods of 2D electrocatalytic
materials

The properties and catalytic performance of 2D materials, such
as TMDs and LDHs, are significantly influenced by the methods
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employed during their synthesis.”® The selection of an appro-
priate method is contingent upon various factors, including the
specific material, desired properties, scalability, and intended
applications in water-splitting devices.”® Many methods have
been applied to design and synthesise these materials indivi-
dually, such as chemical vapor deposition (CVD),***" mechan-
ical exfoliation,* electrodeposition,*® ion exchange®** and co-
precipitation,®® while hydrothermal,®® solvothermal,®” and
electrostatic self-assembly’® are particularly useful in the synth-
esis of composites where two or more of these 2D materials are
combined. This section elucidates the prevalent methods
employed for the synthesis of composite 2D materials involving
the TMDs and LDHs. The primary emphasis is on discussing
the fabrication methods and their benefits for creating inter-
faces between these materials and integrating them with other
nanostructures to enhance their charge separation and improve
their catalytic performance.

2.1. Hydrothermal and solvothermal synthesis

The hydrothermal method involves subjecting the reaction
system to elevated temperatures and pressures by employing
water within a specially sealed container or autoclave.’® The
solvothermal process is analogous, however organic solvents,
rather than water, or a combination of organic solvents with
water, are used as the reaction medium. In comparison to
alternative preparation techniques, these approaches are cost-
effective concerning the use of raw materials, instrumentation,
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and energy consumption.*® Additionally, the materials synthe-
sised exhibit high purity and controlled morphology.*® Conse-
quently, these methods have garnered significant interest for
synthesising TMDs, LDHs, and their respective composites.*>*!
As shown in Fig. 1, flower-like structures are often formed
using the hydrothermal method.*> However, other morpholo-
gies, such as MoS, nanorods,”> nanoplates** and hollow
nanoparticles,” and hexagonal and circular LDH platelets*®
can be formed by altering the temperature, time and nature of
the precursors.

Hydrothermal processes are often combined with other
methods due to several compelling reasons rooted in their
synergistic benefits and enhanced material synthesis
capabilities.*””*® For example, Yang et al.*® fabricated a CoFe-
LDH/NiFe-LDH heterostructure supported on nickel foam (NF)
using hydrothermal and electrodeposition methods. Firstly, the
CoFe-LDH/NF was formed by a one-pot hydrothermal process,
and then the NiFe-LDH was grown onto the surface of the
CoFe-LDH/NF using electrodeposition. Notably, the hierarchi-
cal architecture featuring a “nanosheet on nanosheet” arrange-
ment yielded an enhanced surface area, numerous active sites
and an open porous network, thereby facilitating rapid
mass transport and electrolyte penetration. Meanwhile,
Chen et al. prepared NiFeCr-LDH/MoS, composites through
co-precipitation and hydrothermal methods,”® as illustrated
in Fig. 2(a). Initially, NiFeCr-LDH was synthesized through
co-precipitation using thiourea. Subsequently, the addition of

Fig. 1 Typical morphology obtained using hydrothermal/solvothermal synthesis, reprinted with permission from Elsevier, Shaikh et al.*?
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Fig. 2 (a) Schematic of the fabrication process of MoS,/NiFeCr—LDH, reprinted with permission from Elsevier, Chen et al,*° (b) lllustration of the
synthesis of MoS,/NizS,/G/NF, reprinted with permission from Elsevier, Yu et al.,%® (c) illustrations of (A) the synthesis by self-electrostatic-assembly of
two kinds of unilamellar nanosheets with oppositely charged components, (B) LDH@G, (C) MoS,@G and (D) MoS,@LDH. Reprinted with permission from

Xiong et al.,*>® Copyright 2019, American Chemical Society.

Mo0,>", followed by a reaction with sulfur and hydrazine
hydrate, facilitated the generation of MoS, nanosheets within
the interlayer spaces of NiFeCr-LDH. This interlayer confine-
ment of NiFeCr-LDH played a pivotal role in the generation of
the MoS, nanosheets, with a portion of the nanosheets adopt-
ing the 1T metallic phase, to give superior conductivity and
enhanced electron transfer reactions. It is noteworthy that
obtaining 1T MoS, nanosheets directly through the conven-
tional hydrothermal method is challenging, underscoring the
critical role of the confinement effect imparted by the LDH
layers in this synthesis approach.

The solvothermal approach has been used to fabricate
various heterostructures including graphene-templated MoS,-
Ni;S, heterostructures, as shown in Fig. 2(b).>® In this
study, the graphene nanosheets were uniformly dispersed
in DMF and heated, to facilitate a peeling process. This
enabled the deposition of graphene, peeled into a few
layers, onto the surface of nickel foam (NF) to enhance con-
ductivity. The precursor compound, ammonium thiomolybdate
((NH4),Mo0S,), decomposes, yielding MoS;, ammonia (NHjz),
and hydrogen sulfide (H,S). Subsequently, MoS; undergoes
thermal decomposition to produce MoS, and elemental
sulfur (S), which combines with the nickel foam substrate
to give nickel sulfide (Ni;S,), culminating in the formation of
a MoS,/NizS,/G/NF heterostructure. This heterostructure
engenders a synergistic effect, leading to a substantial aug-
mentation in the population of active sites within the mate-
rial. The interface established between the MoS, nanosheets
and Ni3S, nanoparticles facilitates the adsorption of both

© 2023 The Author(s). Published by the Royal Society of Chemistry

hydrogen and oxygen-containing intermediates, thereby
enhancing the water hydrolysis reactions.

2.2. Electrostatic self-assembly

The electrostatic self-assembly stands out as the most basic
approach fabricating 2D materials and their
composites. This method predominantly relies on the
electrostatic or van der Waals self-assembly principle, wherein
cationic LDHs and anionic 2D materials, such as TMDs and
graphene derivatives encompassing defective graphene (DG),
and graphene oxide (GO) are readily electrostatically
assembled.>® The presence of defects in DG offers the potential
for more efficient anchoring sites through strong n-n interac-
tions, enabling direct coupling with transition metal atoms,
thereby promoting rapid electron transfer kinetics, and impart-
ing exceptional stability.>® Furthermore, the most recent theo-
retical and experimental findings suggest that certain defect
types in graphene and its derivatives can serve as active sites for
OER and HER.”>™’ Recently, Jia et al.>® anchored exfoliated
NiFe-LDH nanosheets onto DG via electrostatic self-assembly.
This entailed the exfoliation of NiFe-LDH to give single-layers
of NiFe (LDH-NS), which are then self-assembled with the
negatively charged DG. This approach was shown to enhance
electron transfer and reduce diffusion distances through the
manipulation of the graphene defects.

Likewise, TMDs have the capacity to intercalate with LDHs.
Using a similar method, Xiong et al.*® devised a solution-phase
assembly process to synthesise NiFe-LDH/MoS,, NiFe-
LDH@graphene, and MoS,@graphene heterostructures, as

for
51,52

Mater. Adv., 2023, 4, 6478-6497 | 6481


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00685a

Open Access Article. Published on 09 listopadu 2023. Downloaded on 28.01.2026 11:47:43.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

shown in Fig. 2(c). This electrostatic assembly of LDHs and
MosS, revealed the most potent interactions among adjacent
layers within this cohort of hybrid materials. Indeed, the NiFe-
LDH/MoS, exhibited advantageous adsorption energies for
both the HER and OER intermediates and this was attributed
to favourable electronic coupling effects at the heterointerfaces.
These outcomes signify the prospects of interface modulation
in superlattices as a facile and promising approach for the
design of efficient electrocatalysts.

2.3. Exfoliation

Although CVD can be employed to give 2D TMDs, other
methods such as hydrothermal and solvothermal methods
produce 3D bulk structures for both the TMDs and LDHs, as
shown in Fig. 1. The TMDs are readily exfoliated as the layers
are held together by weak van der Waals forces and liquid-
phase exfoliation (LPE) is normally used to give the 2D sheets.
Organic solvents such as pyrrolidinone-based systems are
very effective, but in more recent times, there has been
more focus on using water-containing solvent systems and
more environmentally acceptable systems such as ethanol and
isopropanol.®® However, the formation of 2D LDHs is more
challenging as these layers are held by strong electrostatic
interactions. A number of exfoliation approaches have been
successfully employed to give 2D LDHs nanosheets and these
include solvent systems such as deep eutectic solvents,®!
organic solvents such as formamide,®*®* and formamide with
NH,NO; where the ammonium salt serves to increase the
interlayer spacing.®> Ethanol has also been used following
pre-treatment of the as-synthesised LDH in a sodium acetate
solution.®* Indeed, it has been shown by Song and Hu that the
higher OER activity of exfoliated LDHs can be traced to an
increase in the number of active edge sites and improved electro-
nic conductivity.®®> Nevertheless, the LDHs and TMDs are prone to
restacking and agglomeration and are rarely used as single
materials. By combining different families of 2D materials, as
composites or heterostructures, these restacking processes can be
inhibited, while the interface between both materials can facilitate
and enhance the electron transfer process.

3. Hydrogen and oxygen evolution
reactions and alternative half reactions

In the splitting of water, the HER serves as the reduction half
reaction, and the OER provides the corresponding oxidation-
half reaction. Both reactions require electrocatalytic materials
that can not only promote the transfer of electrons, but can also
facilitate the necessary adsorption and de-adsorption steps.’
These adsorption and de-adsorption steps at the electrocata-
lysts can have a significant influence on both the HER and
OER. If, too few intermediates bind to the electrocatalysts, due
to weak interactions with the electrocatalyst, then the rate of
the reaction will be slow. On the other hand, the reaction will
also be slow if the adsorption is too strong, with the adsorbates
failing to dissociate from the surface. The initial step in the

6482 | Mater. Adv., 2023, 4, 6478-6497
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HER is considered as the adsorption of hydrogen ions at the
electrocatalytic sites and this is represented for acidic and basic
media in eqn (1) and (2), respectively, where the symbol *
indicates an adsorption site on Me (electrocatalyst site).”® The
main difference in these two equations is the source of the
hydrogen atoms; provided as H' or H;O" in the acidic medium
and as H,O in an alkaline solution. In both cases, adsorbed
hydrogen atoms are formed on the active surface sites of the
electrocatalyst to give *Me-H. The gaseous H,(g) molecules can
then be produced by combining two adjacently adsorbed
hydrogen atoms, as illustrated in eqn (3). This is commonly
described as the Tafel reaction. On the other hand, the
adsorbed hydrogen atoms can couple with electrons and either
a proton or water molecule, as shown for acidic and basic
conditions in eqn (4) and (5), respectively, consistent with the
Heyrovsky mechanism.

H'(aq) + *Me + e~ — *Me-H (Volmer) (1

H,0(l) + *Me + e~ — *Me-H + OH (aq) (2

)
)
*Me-H + *Me-H — *Me + *Me + H,(g) (Tafel) (3)
*Me-H + H'(aq) + e~ — *Me + H,(g) (Heyrovsky) (4)

)

*Me-H + H,O(I) + e~ — *Me + OH (aq) + Hy(g) (5

The corresponding OER is more kinetically sluggish and
complex. In energy applications, the preferred OER is a four-
electron, four-proton electron transfer process and can be
represented as eqn (6) for alkaline solutions. The standard
reduction potential of the OER is 1.23 V vs. SHE, however high
overpotentials are needed to deliver the O,(g) molecules. This
usually has a negative impact on the overall water splitting
reaction with the overall efficiency being limited by the OER.
The most widely accepted mechanism, which involves various
intermediates, is the adsorbate evolution mechanism (AEM).
The fundamental steps involved are illustrated in eqn (7)-(9)
and involve bond breakage and formation reactions with
oxygenated intermediates, such as *Me-OH, *Me-OOH and
*Me-O. In addition to the relatively high overpotentials
required for the OER, the electrocatalyst site (Me) is often
susceptible to corrosion. In alkaline solutions and at high
potentials, dissolution of the electrocatalyst can occur, through
the formation of metal-oxygen intermediates, leading to the
destabilisation of the electrocatalyst and the formation of
water-soluble complexes.

*Me + OH (aq) » *Me-OH + e~ (6)

*Me-OH + OH (aq) — *MeO + H,O(l) + e~ (7)

*Me-O + OH (aq) — *Me-OOH + e~ (8)
*Me-OOH + OH (aq) — *Me + O,(g) + H,O(1) + e~ 9)

The initial step in acidic solutions is the adsorption of the H,O
molecule at the Me site. This is followed by water dissociation
and the formation of Me-OH and finally M-O. In addition to
acidic and alkaline media, there has been an increasing focus
and interest in developing seawater electrolysis cells that can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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used on offshore wind farms.®®°”

Nevertheless, this remains a
challenging process as the concentration of chloride in sea-
water is very high at approximately 0.5 M. Furthermore, the
oxidation of chloride anions occurs at the anode to yield Cl,(g)
under acidic conditions, while in alkaline solutions hypochlor-
ite ions are formed. This oxidation reaction competes with the
OER, and although the standard reduction potential for the
oxidation of chloride to chlorine, at 1.36 V vs. SHE, is higher
than the corresponding potential for OER, the oxidation of
chloride has a relatively low overpotential. On the other hand,
high overpotentials are needed to facilitate the OER and con-
sequently, the evolution of chlorine can easily become the
predominant reaction in acidic chloride-containing media. In
addition, the corrosion of metal-based materials readily occurs
in the presence of chloride anions.®® Accordingly, the develop-
ment of electrocatalysts for seawater electrolysis applications
remains a challenging task, but is attracting increasing
interest.*>”°

As mentioned, the OER reaction is very sluggish and only
occurs with high overpotentials, making the splitting of water
and the production of hydrogen less efficient. Therefore, there
has been much interest in finding alternative oxidation reac-
tions that could replace the OER. One approach involves
nucleophile oxidation reactions (NOR), with the oxidation of
small organic molecules such as methanol and ethanol”" as the
anodic half-reactions. These oxidation reactions have lower
onset potentials and lower energy consumption compared to
the OER. Likewise, there is much interest in the hydrazine
oxidation reaction (—0.33 V vs. RHE) where the only product is
N,. When this reaction is coupled with the HER, a much lower
cell potential can be achieved and there is no risk of gaseous O,
and H, combing.”?

4. Assessment of the electrocatalysts
for HER and OER

The electrocatalyst activity is normally measured using linear
polarisation curves where the potential is extended into the
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hydrogen ion reduction or the oxygen evolution regions. The
inclusion of a rotating disc can be beneficial in enabling the
removal of hydrogen bubbles from the active surface sites, that
otherwise would hinder the transport of the solution to the
surface and increase the internal resistance. The experimental
studies are generally performed in nitrogen or argon saturated
electrolytes, and the potential is expressed using the reversible
hydrogen electrode (RHE) scale, where Egrur) = E(measured) +
E(ret used) + 0.0591 pH. Alternatively, solutions saturated with
hydrogen gas for HER or oxygen gas for OER can be employed
to avoid drifts in the equilibrium potential. However, the
solutions usually become easily saturated with H,(g) or O,(g)
and this is only an issue at low overpotentials, where the rate of
H,(g) or O,(g) production is low. Parameters that are frequently
employed to compare electrocatalysts are the overpotentials
required to provide a current density of 10 mA cm ™2 (with the
geometric surface area) and the Tafel slopes, Fig. 3. The Tafel
slope can be obtained by fitting the experimental data to the
Tafel region of the polarisation data and this gives information
on how much overpotential is needed to increase the current
density by an order of magnitude.”® The Tafel equation is
represented in eqn (10), where the slope (b) is equal to 2.303
RT/oF and the intercept (a) corresponds to —(2.303 RT/uaF)logjo)
for a reduction reaction, such as the HER. The other parameters
have their usual meanings, with R representing the gas con-
stant, F is the Faraday constant, 7 is the thermodynamic
temperature and o is the transfer coefficient. Tafel slopes
in the vicinity of 120, 40 and 30 mV dec™ " are typically assigned
to Volmer, Heyrovsky and Tafel rate-determining steps,
respectively.”*
n=a+ blogj (10)

Other parameters that are employed are the electrochemical
active surface area (ECSA), Faraday Efficiency (FE), and turnover
frequency (TOF). The ECSA value represents the specific surface
area which gives a measure of the number of active sites.
This involves measuring the double-layer capacitance of the
electrocatalyst, which is then compared to the double-layer

0.154
—A— PY(111)

0.104 —O- P (100
0.054
0.004

-0.05-

(AHS "SA V) [enuajog

-0.104

-0.154

= [nitial J‘
After 1500 CVs |

(b)

e

T T L) L)

8 7 6 5 -4 -3
log (j/ A-cm™®)

Fig. 3

-2 13 1.4 15 1.6 1.7
Potential (V vs. RHE)

(a) Typical Tafel plots showing oxidation and reduction half reactions for single crystal Pt, reprinted with permission from the American Chemical

Society, Fang and Liu”* (b) linear polarisation curves highlighting the stability of CoFe—~LDH wrapped on Ni-doped carbon nanorods, reprinted with

permission from Elsevier, Zhang and Hao.”®
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capacitance of a completely smooth surface, which is normally
taken as 40 uC cm ™2, but can vary from 22 to 130 uC cm™ 2 in
alkaline solutions.”® The FE represents the conversion effi-
ciency and this is obtained by comparing the ratio of the
experimentally determined amounts of H, or O, (usually by
gas chromatography) to the theoretical yields. The theoretical
data are obtained from chronoamperometric or chronopoten-
tiometric measurements. The TOF represents the number of
times the HER or OER occurs on a single site computed per unit
time. It is typically computed using the geometric surface area,
current density, number of electrons transferred, the Faraday
constant, Avogadro’s number, and the surface concentration of
active sites which are involved in the reaction, as illustrated in
eqn (11).

J X Na

TOF = ———
FxnxT

(11)

Nevertheless, all these parameters have limitations. The
current is routinely normalised by the geometric surface area
of the electrode, which can be very different to the real surface
area, and in most cases underestimates the true surface area.
Furthermore, determination of the actual number of active
sites is difficult for supported electrocatalysts due to surface
heterogeneity, facets and various crystallographic orientations.
Also, many electrocatalysts undergo self-oxidation and possess
significant capacitive behaviour, and this can have a significant
effect on the overpotential values reported at 10 mA cm™ 2. At
higher currents, the overpotentials are less affected by second-
ary processes, but these are not always provided and IR drops
have considerably more influence at higher current densities,
making it difficult to compare different electrocatalysts. For
Tafel analysis, a linear section of at least one decade of current
and preferably two decades of current is needed to compute the
Tafel slope,”® while redox reactions associated with the electro-
catalyst and mass-transport limitations can make this analysis
more complex, making it sometimes difficult when comparing
electrocatalysts in different studies.

5. 2D electrocatalysts for the
production of hydrogen

As mentioned earlier, 2D layered materials, such as TMDs
and LDHs, have emerged as promising electrocatalytic materi-
als for the HER and the OER, as they have high surface areas,
high density of active sites, good stability, are naturally abun-
dant and are environmentally acceptable. For example, the
LDHs are unique in the sense that their morphology,
porosity, defective structure and intercalation can be easily
adjusted during the preparation or synthetic steps. However,
they suffer from low electrical conductivity and accordingly
are normally combined with conducting materials, such
as copper nanostructures,”’ carbon-based materials, including
graphene,”® rGO (reduced graphene oxide),”® carbon nano-
tubes,®® nanoporous carbon structures,” carbon nanofibers®!
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and with semiconducting 2D materials, such as MoS,,** WS,**
and various diselenides.®

In water splitting the electrolysis is typically carried out in
strong acidic or alkaline conditions, as these conditions give
rise to the lowest overpotentials. Nevertheless, this makes the
conditions challenging in the design of electrocatalysts, as both
the HER and OER electrocatalysts must be able to function in
the same harsh electrolyte. Another more recent approach is to
use a bifunctional electrocatalyst that can facilitate both the
OER and HER making the electrolysis cells more economical
and simpler in design.?*®® Likewise, there is much interest in
finding alternative oxidation-half reactions that could replace
the sluggish OER half reaction,”” while recent research is also
focussed on using seawater as the medium.®® These approaches
are now described and discussed, highlighting the role of the
2D TMDs and LDHs in promoting the production of hydrogen.

5.1. Water splitting electrocatalysts

In general, the LDHs are very effective in promoting the OER,
but are less studied for the HER as they have poor water
dissociation kinetics (Volmer step).®® They are always employed
in alkaline solutions, such as 1.0 M KOH, as they dissolve in
acidic media. On the other hand, the TMDs and their compo-
sites are very promising in promoting the HER in acidic®® and
basic solutions®' and are also attracting increasing attention
for their OER activities.®>™ > The LDHs, which contain the
transition elements, Fe, Co, and Ni, are especially efficient in
the OER half reaction and this is clearly evident in Table 1.
Some of the lowest overpotentials are evident with the Fe and
Ni systems. Indeed, the NiFe-LDH is considered as one of the
best OER electrocatalysts.’® Furthermore, they can be readily
doped with additional cations and this has been recognised as
an efficient avenue to improve the OER activity.®

Nevertheless, the precise elementary steps in the OER
mechanism at LDHs still remains to be elucidated. Three
mechanisms have been proposed and these include the adsor-
bate evolution mechanism (AEM), the intramolecular oxygen
coupling (IMOC) and the lattice oxygen (LOC) mechanisms, as
illustrated in Fig. 4. In a recent study, Wang et al.”” employed
modelling approaches to unravel the competing steps in the
OER, including the role of applied potential, on M-doped Ni-
LDHs, where M is Ni, Co and Fe. The authors concluded that
the LOM mechanism occurs at the Ni-LDHs, but this mecha-
nism is suppressed and the AEM mechanism is favoured when
Fe is incorporated into the LDH. This can be advantageous as
lattice oxygen is consumed through the LOM and this can give
rise to dissolution reactions and long-term instability. It has
also been shown that the LDHs can undergo transformations
compared with their as-synthesised forms, during the OER. For
example, Dionig et al.°® demonstrated that Fe-based LDHs are
converted from the as-prepared o-phase to the activated
v-phase with an 8% contraction of the lattice spacing. Likewise,
phases such as y-NiOOH, for Ni-based LDHs,”® have been
proposed to account for the impressive performance of these
LDHs in the OER.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the recent LDH and TMD-based electrocatalysts in the OER and HER half reactions

Materials Reaction electrolyte n/mv B./mV dec " Stability/h Ref.
Zr-NiFe-LDH/NF OER/KOH 182 39 750 112
Ni-C//CoFe-LDH/GCE OER/KOH 280 43 1500 cycles 75
NiFe-LDH/NF OER/KOH 225 42 60 113
NiCo-LDH/FeOOH OER/KOH 255 82 73 114
NiFe LDH/MoS, OER/KOH 190 31 45 82
Ce-CoAl-LDH/MoS, OER/KOH 278 65 — 115
MoS, quantum dots OER/KOH 370 39 — 116
Fe-MoS,/NF OER/KOH 230 78 140 117
Cu-MoS,/NiS, HER/KOH 105 59 1000 cycles 118
Cu-MoS,/NiS, HER/H,SO, 56 69 1000 cycles 118
Atomic C-MoS, HER/H,SO, 87 45 72 119
CoS,/MoS, HER/H,SO, 80 63 10 120
CoS,/MoS, HER/KOH 95 81 10 120
CoS,/MoS, HER/neutral 135 102 10 120
SnS,/MoS,/Ni;S,/NF HER/KOH 232 107 100 91
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Fig. 4 Schematic of the reaction mechanisms for OER on Ni-based LDHs, (a) AEM, (b) IMOC, and (c) LOM mechanisms and (d) their association with

heterogeneous catalysis mechanisms, taken from Wang et al.®”

In addition, much research has been devoted to elucidating
the HER mechanism at MoS, and to enhancing the HER
activity, and some recent examples of MoS,-based electrocata-
lysts in the HER and OER are shown in Table 1. It is generally
accepted that the HER mechanism occurs through the Volmer-
Heyrovsky pathway (eqn (1) and (4) at these materials.'?***
However, one of the more significant challenges is optimising
the charge-transfer processes. MoS, normally adopts the more
thermodynamically stable 2H phase with the basal planes

© 2023 The Author(s). Published by the Royal Society of Chemistry

exhibiting very poor electrical conductivity. Three main
approaches have been employed to enhance its electrocatalytic
activity; (1) the introduction of higher densities of active edges
through defect engineering, (2) conversion to the metastable 1T
phase, through the intercalation of the 2H-MoS, lattice with,
for example, lithium or organolithium compounds'®® and (3)
formation of MoS, heterostructures or composites. It is clear
that the 1T-MoS, phase has superior activity and this can be
traced to the conducting basal planes of the 1T phase. Indeed,
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Tang and Jiang®' concluded from computational studies that
the HER occurs at the basal plane of 1T-MoS,. Nevertheless, it is
difficult to maintain the MoS, in its non-thermodynamically
stable 1T phase and various defect engineering strategies have
emerged aiming to enhance the HER and OER activities. These
include covalent functionalisation of the 1T phase with organic
substituents with varying degrees of electron withdrawing and
electron donating capacity to alter the charge density of the 1T-
MoS, and minimise its transformation to the semiconducting
2H phase,'®®> N-doping and PO,’" intercalation to promote the
conversion of 2H-MoS, to 1T-MoS,,"%* desulfurisation to create
high concentrations of S vacancies,'®* low-energy ion irradia-
tion to form lattice defects'®® and doping with N,'*® F'®” and
heteroatoms, such as transition metal atoms.'®*™'° Similar
approaches can be employed to enhance the charge-transfer
processes for other family members, such as MoSe,, WS,, and
WSe,, and in turn promote the HER and OER. Although these
are less well studied, there are reports that suggest that
monolayer MoSe, with intrinsic defects and edges has real
potential for the HER and OER reactions.'!

Heterostructures, formed by combining two different mate-
rials with significant interfacial electronic interactions between
the two interfaces, are emerging as new superior electrocataly-
tic materials, outperforming the single component counter-
parts. The performance of some of these heterostructures
involving TMDs and LDHs in the OER and HER is summarised
in Table 1. The heterostructures can provide electron
transport channels, promoting efficient electron transfer
throughout the heterostructures, while facilitating the adsorp-
tion/de-adsorption of essential reaction intermediates.

In addition to creating active sites, heterostructures, and
enhancing the electronic conductivity of the LDHs and TMDs,
the adhesion and accumulation of gas bubbles at the electro-
catalyst surface requires developments. This can have a sig-
nificant negative effect on the OER activity, preventing contact
between the electrolyte and the electrocatalyst. Much research
has been devoted to forming super-aerophobic type surfaces,
that have the capacity to lower the adhesion between the
surface and the forming bubbles. For example, Xie et al.”®
modified the surface of NiFe-LDH with the cationic surfactant,
hexadecyl trimethyl ammonium bromide (CTAB), to increase
the rate of bubble release. The corresponding OER current
increased by a factor of 2.3. The surfactant formed a
bilayer that not only reduced the adhesion of the bubbles,
but the cationic groups facilitated and favoured the OH™
adsorption step to give an increase in the OER activity. Many
of the TMD-based electrocatalysts suffer from poor gaseous
bubble detachment and removal. Recently, exciting surface
engineering rationales to create super-aerophobicity and
further improve the OER and HER in the TMD electrocatalysts
have been developed. For example, it has been shown that the
introduction of metal phosphides to give sulfide/phosphide
heterostructures,’*' CoSe,/MoSe, heterostructures''® and the
formation of wrinkled surface structures using shrink or pre-
strained films'** can be used to minimise bubble adhesion, as
illustrated in Fig. 5.
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5.2. Bifunctional electrocatalysts

The formation of bifunctional electrocatalysts that can serve as
both the anodes and cathodes in the electrolysis cells is
attractive, making the design of the electrolysis cell simpler
and more cost-effective, with no need to match the electroca-
talysts with specific pH values. Some of the recent results which
highlight the performance of the TMDs, LDHs and their
composites as bifunctional HER and OER electrocatalysts are
summarised in Table 2 for alkaline cells. Some of the lowest cell
potentials and lowest overpotentials are seen with TMD hetero-
structures, such as MnCo,S,/Mo0S,'*® and transition metal-
doped TMD heterostructures, such as Zr-MoS,/Ni;S,."** Like-
wise, the LDHs perform well in this alkaline medium, with a
FeCo-LDH/graphdiyne composite giving a cell potential at
10 mA cm™ > of 1.43 V."* It is clear from Table 2 that carbon-
based materials, such as graphdiyne can enhance the perfor-
mance of LDHs. Carbon-based materials can not only enhance
the electrical conductivity of the electrocatalysts, and protect it
against corrosion reactions, but also promote the adsorption of
OH™ ions, eqn (6) and (7), which is essential to improve the
OER activity. Other carbon-based materials that are combined
with LDHs and TMDs to design bifunctional electrocatalysts
include rGO."°

Most of the bifunctional MoS, and other TMD bifunctional
electrocatalysts have been employed in alkaline media, such as
KOH, Table 2. Nevertheless, hybrids including MWCNT/NiS/
Mo0S,,"*” Co-MoS,/TiN,'*® Co-Mo8S,/rGO,'*° and Co-MoS,/CC
(carbon cloth)™° have been employed for the HER and OER
half reactions in both acidic and alkaline media. Indeed, a
cell potential of 1.55 V was obtained for the Co-MoS,/CC
in acidic solutions. Similarly, MoS,/C0,Sg/Ni;S,/Ni**! has been
employed as a bifunctional electrocatalyst over a wide
pH range.

5.3. Seawater electrolysis

As mentioned earlier, seawater electrolysis is gaining consider-
able attention, and is now considered as one of the most
sustainable approaches in the production of hydrogen. With
the development of efficient seawater electrocatalysts, it
becomes possible to generate high-purity hydrogen on off-
shore wind farms, making use of the largest water resource
on earth. Nevertheless, the oxidation of chloride anions to
generate chlorine-based compounds competes with the OER
and this remains challenging. Other limiting factors in sea-
water electrolysis are associated with the high levels of chloride
anions which promote corrosion and the presence of various
ions that can give rise to insoluble precipitates, such as
Mg(OH), and Ca(OH),, at the electrocatalysts, which in turn
block active sites. This makes the development of OER electro-
catalysts that favour the OER over the oxidation of chloride
anions, and that are stable over extended periods and not prone
to corrosion in seawater, challenging. It has also been shown
that Br~ induced corrosion in seawater can be even more
harmful to nickel-based electrocatalysts.'® Typically, pitting
corrosion is seen in the presence of Cl™ ions with deep pits

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Approaches employed to minimise the accumulation of gas bubbles at the electrocatalyst surface (A) and (B) CoSe,/MoSe, heterostructures,
reprinted with permission from the Royal Society of Chemistry, Chen et al.*® and (C) wrinkled VMoS, and (D) schematic of the wrinkling procedure,

reprinted with permission from the American Chemical Society, Jung et a

randomly decorated on the anode, while Br~ etches more
extensively to give shallow but wide pits that can consume
the surface of the electrocatalyst with a more dramatic effect on
stability.

Both the TMDs and LDHs have recently been considered in
seawater electrolysis. Again, the main metal-based doping or
elements involve Ni, Co and Fe."”™'®> For example, high-
conducting CoNi nanowires were covered with MoS,, and then
atomically dispersed Pd and Ru were decorated over the MoS,
to give a bifunctional electrocatalyst for both the HER and
OER.™" A cell potential of 1.54 V (at 10 mA cm ) in alkaline
seawater was obtained with a 92% retention of the current
over a 40 h period. It appears that the strong bonding
interactions between the S and the Mo make the sulfide
TMDs more corrosion resistant to chloride ion attack, and
this can be important in terms of stability. Indeed, Song
et al.'>® used a MoS, layer on the surface of (FeNi)sSs to
enhance the corrosion resistance of the composite in the
presence of seawater. The MoS,/(FeNi)ySg hybrid was used as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a bifunctional electrocatalyst. The authors concluded that in
addition to good corrosion resistance, the heterogeneous
interface facilitated the adsorption of H and OH intermedi-
ates, leading to improved electrocatalytic activity in the HER
and OER.

In terms of the LDHs, they have also been employed in the
electrolysis of alkaline seawater solutions. In this case, a
recently reported partially selenised FeCo-LDH was success-
fully used in both the OER and HER."* The Se was used to
hinder the diffusion of Cl~ to the active sites, which served not
only to reduce the corrosion processes and increase the lifetime
of the electrocatalyst, but also to give high selectivity for the
OER. Other materials, such as oxides sulfides and phosphides,
carbides and nitrides have been combined with LDHs aiming
to give both corrosion protection and the optimal adsorption
free energy barriers of OH OOH intermediates to give improved
OER activity. These include organophosphorus layers over
NiCo-LDH to protect against corrosion.'>® Similarly, NiFe-
LDHs have been combined with CeO,,'*® Cu,S,'*” NisFe,'*®

Mater. Adv., 2023, 4, 6478-6497 | 6487
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Table 2 Summary of the performance of some recent bifunctional electrocatalysts in KOH
B./mV dec™* n/mv

Materials HER OER HER OER Ecen/V/ImMA cm ™2 Stab./h Ref.
MoS, nanolayers 120 189 120 340 — — 132
MnCo,S,/MoS, 26 53 70 160 1.41/10 20 123
Zr-MoS,/Ni;S, 61 79 98 275 1.49/10 50 124
MoS,-Ni;S,/NiFe-LDH 62 108 12 220 1.50/10 50 133
Co0-MoS,/NiS,/CP 81 99 109 323 1.67/10 24 134
MOoS,/NiS, 50 91 62 278 1.59/10 24 135
Co-MoS, 52 85 48 260 — — 136
Co030,4/Mo0S, 98 45 205 230 — 10 137
MoS,-NiS,/NGF 70 — 68 370 1.64/10 24 138
NizS,-MoS,/FeOOH 85 49 95 234 1.57/10 50 139
Mo0O,-Mo0S,/C0oSg 80 70 160 310 1.62/10 20 140
CoFe-LDH/NiFe-LDH 89 46 160 240 1.59/10 — 141
FeCo-LDH/graphdiyne 99 44 43 216 1.43/10 60 125
NiFe-LDH/CeOx 101 — 154 — 1.51/10 10 142
Ir-NiCo-LDH 35 41 21 192 1.45/10 200 143
CoMoV LDH 182 106 150 270 1.61/10 20 144
NiCoP/NiMn-LDH 48 44 116 293 1.52/10 50 145
CoMoP/NiFe-LDH 93 55 99 225 1.68/50 27 146
CuO/CoZn-LDH 98 78 124 194 1.55/10 45 147
Mo-NiCo LDH 88 110 194 258 1.50/10 100 148
NiFeZn LDH 103 35 154 236 1.45/10 10 149

and MnCo,0,**° to increase the corrosion protective properties
of the composites.

Other approaches devised to impart corrosion resistance to
the LDH electrocatalysts include the use of anionic corrosion
inhibitors that are intercalated within the LDHs. Examples of
suitable intercalated anionic inhibitors are PO,*~,*®° which are
highly charged and can repel the anionic Cl™ ions. In addition
to the more commonly used Ni, Fe and Co LDHs, other
elements including Co, Cr and V have been coupled to give
layered triple hydroxides that can be used in alkaline seawater
splitting.®® In this case, the V gives higher concentrations of
cationic active sites, while facilitating electronic transitions to
favour the OER over the chloride evolution reaction.

5.4. Alternative oxidation half reactions to replace the OER

The sluggish kinetics and complex four-electron transfer pro-
cess of the OER is a limiting half-reaction in the production of
green hydrogen. An alternative approach is to couple the HER

a 35 ]
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with other half-reactions that are more thermodynamically
viable, with the aim of enhancing the production of pure
hydrogen at a lower cost. Suitable half-reactions are the oxida-
tion of urea,'®! various alcohols, such as ethanol,'®* aldehydes,
amines, glycerol,'®® hydrazine” and products of biomass that
have interesting and diverse applications.’®* The oxidation of
urea is described in eqn (12), which has a considerably lower
equilibrium potential of 0.37 V vs. RHE, compared with the
OER. Despite its potential, it also suffers from slow kinetics as it
involves the transfer of six electrons and the adsorption and de-
adsorption of the NH and CO intermediates is also important
in this reaction.

CO(NH,), + 60H™ — N, + CO, + 5H,0 + 6e~  (12)
The influence of adding urea to the electrolysis cell is
shown in Fig. 6, where it is clearly evident that a lower cell
potential can be obtained when the oxidation of urea serves as
the oxidation-half reaction. A number of LDH-modified

=n

in

(A) dBeNOA 1RD

(a) LSV curves and (b) cell potentials for the electrolysis of water and urea electrolysis with AU representing the difference in the cell potentials for
Cu-NizS,@NiFe LDHs, reprinted with permission from Elsevier, Ding et al.%®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrocatalysts have been used to promote the oxidation of
urea. As with the OER, the LDHs do not have a sufficiently high
conductivity to promote the oxidation of urea and are normally
combined with other components or modified or functiona-
lised. For example, LDHs have been combined with sulfides,
and noble metals, such as Cu-Ni,S,/NiFe LDH,'®> Rh/NiFe-
LDH*® and Au/NiCo—LDH.'®” Likewise, NiFe-LDHs have been
oxidised using H,O, to give a NiFeO-LDH -catalyst that is
superior to NiFe-LDHs."®® In addition, their activity has been
enhanced with a plasma functionalisation approach.'®® The
nature of the intercalation anions seems to be relevant, with
NO;™ intercalants in a NiCo-LDH giving the greatest activity
and selectivity for the urea oxidation reaction.'”®

Another interesting approach is the use of bio-derived
alcohols as the oxidation half-reaction in the formation of
H,."”" This has the added advantage that valuable chemicals
can be formed during the oxidation reaction. For instance,
CoNi-LDH has been employed as the anode facilitating the
electrochemical oxidation of urea, glycerol ethanol and benzyl
alcohol, while the reduction of H, was achieved at a Pt-
supported carbon cathode at a significantly reduced cell
potential.'”> The oxidation products were identified as benzo-
ate, acetate, and formate from the oxidation of benzyl alcohol,
ethanol, and glycerol, respectively. Similarly, cobalt-based sul-
fides, including CuCo,S,'®> and Co3S,'”® have been employed
as electrocatalysts for the ethanol oxidation reaction. Moreover,
these Co-based sulfides exhibit very good HER performance,
and can be employed as bifunctional electrocatalysts. Indeed,
these ethanol-water electrolyser systems require relatively low
cell potentials of 1.59 V'** and 1.48 V'”? at a current density of
10 mA cm 2,

6. Conclusions and future outlook

It is clear from this review that TMDs and LDHs have promising
potential as electrocatalysts for the production of renewable
hydrogen. Good progress has been made in their synthesis,
with various hybrids, composites, and heterojunctions formed
successfully. These materials have been shown to not only
perform very well in alkaline conditions, but also studies have
been reported in seawater media, highlighting the potential
versatility of these 2D materials. More recently, the TMDs and
LDHs are finding applications in promoting various oxidation
half reactions as alternatives to the sluggish OER.
Nevertheless, the TMDs can be further improved by devel-
oping more efficient exfoliation methods and new avenues to
halt the agglomeration of the exfoliated layers. Likewise, new
methods are essential to increase the density of edge sites
and to activate the basal plane of the 2H phases, which in turn
would increase the electronic conductivity of this thermodyna-
mically stable phase. The more conducting 1T-phase has rela-
tively poor stability, making it difficult to maintain the
conducting phase and prevent its transformation to the more
thermodynamically favourable 2H phase. In addition, the long-
term stability of the TMDs requires further study. There are

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

different views on the nature of the active sites particularly
when employed as OER electrocatalysts in alkaline conditions,
with some authors arguing that the good OER activity is due to
the formation of oxide phases, while others attribute the
activity to the TMDs. The LDHs can only be used in alkaline
media, as they dissolve and have poor stability in acidic or near
acidic solutions. Again, the long-term stability of the LDHs is a
potential issue, and like the TMDs, there are varying accounts
of the active phases when cycled to high anodic potentials
in OER applications. It remains difficult to exfoliate and main-
tain the LDHs as exfoliated layers due to the electrostatic
interactions.

However, one of the greatest challenges facing the TMDs,
LDHs and their composites/hybrids, and indeed other electro-
catalysts, is their scale-up and performance in large scale
industrial applications.”® These materials satisfy the condition
of cost-effectiveness. However, there are several aspects that
require further development before their true potential to serve
in cells, such as the membrane electrode assembly (MEA), or
anion exchange membrane (AEM) electrolysers, can be
evaluated:

(i) More emphasis is needed on the scale-up of their syn-
thetic methods. Typically, the reported syntheses are carried
out with mg to g quantities and scaling to kg or higher
quantities can alter the properties and morphologies.

(ii) More considerations on the long term stability with
continuous testing over weeks rather than the usual 20 h to
gain greater insight into any transformations that may occur.

(iii) Assessment of the performance at current densities in
the vicinity of 1 A cm ™2 as opposed to the much lower current
densities of 10 mA cm ™2 that are normally used.

(iv) The adhesion and accumulation of gas bubbles at these
materials require approaches aimed at minimising the adhe-
sion of the bubbles. RDEs are used to remove the gaseous
bubbles in small cells, but this is not possible in the MEAs and
AEM electrolysers.

(v) The activity and performance of the electrocatalysts is
normally assessed using small electrodes, such as glassy carbon
electrode. While this is very useful in screening electrocatalysts
and in obtaining fundamental information, the electrocatalysts
may behave differently when coated onto porous substrates or
membranes in the assembly of MEAs.

Furthermore, these materials are only beginning to be used
in seawater. This is a challenging medium, but has huge
potential in terms of off-shore wind farms where the hydrogen
could be generated and stored. Relatively little is known about
the chloride and indeed bromide-induced corrosion of both the
TMDs and the LDHs and these studies are essential
before these materials and their composites are used in this
complex environment. Interestingly, they are beginning to be
employed in the oxidation of various alcohols, urea, amines
and biomass products that can serve as alternative half reac-
tions to the sluggish OER that limits the overall efficiency of
electrolysis cells.

While several challenges remain, both the TMDs, LDHs, and
their composites and hybrids are interesting. They are cost
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effective with little negative environmental impact. They can be
conveniently combined with a variety of other conducting
materials to enhance their performance and stability, and this
is clearly an advantage of these layered materials.
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