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Recent advances in the metal—organic framework-
based electrocatalysts for the hydrogen evolution
reaction in water splitting: a review
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Water splitting is an important technology for alternative and sustainable energy storage, and a way for the
production of hydrogen without generating pollution. In recent years, metal—-organic frameworks (MOFs)
have become the most capable multifunctional resources because of their high surface areas, tunable
porosity, simple modification of compositions, and potential for use as precursors with a variety of
morphological structures. Based on these qualities, many MOFs and their derived materials are utilized as
electrocatalysts for the water splitting reaction. Herein, we assembled the relevant literature in recent
years about MOF and MOF-derived materials for their eminent electrocatalytic activity in water splitting
with useful strategies for the design and preparation of catalysts, along with challenges. This review
summarizes the advancement in MOF materials, elucidating different strategies for its role in water splitting.

1. Introduction

At present, the environmental pollution and energy disaster are
of global concerns. To ensure a green and sustainable future, an
alternative renewable energy source is needed to replace our
dependence on fossil fuels. Nowadays, hydrogen as an energy
source is of great interest because of several remarkable qualities,
such as its renewable nature, elevated gravimetric energy (~142 MJ
kg ') and combustion product with no greenhouse gas emission.
Hydrogen as a fuel can power vehicles based on the hydrogen fuel
cell due to its extraordinary energy efficiency. In contrast to
combustion engines fueled by gas, hydrogen fuel cells show 2 to 3
times more efficiency with no harmful by-products. It only gener-
ates warm air and water vapor, and also has the capability for
growth in the transportation and stationary energy sectors.*

An eco-friendly way of hydrogen production is the splitting of
water by a variety of ways, ie., by the electrochemical way of
splitting, by the chemo-catalytical way of splitting, and also by the
photocatalytic way,” that provide a better way to obtain highly pure
hydrogen.>® However, hydrogen production via electrochemical
method is hampered by three central limitations such as (i) the
short lifetime of the electrode material, (ii) the lack of cost-effective
alternatives for noble metals, and (iii) the thermal efficiency, which
is lower than the water splitting thermodynamic limits, i.e., 1.23 V.*

The hydrogen evolution reaction (HER) has now attracted
great attention, owing to remarkable features: (a) it provides
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pure hydrogen, and (b) in the future, is considered as an appealing
energy carrier contender for the fuel cell.® As we already know,
these reactions are carried out in acidic and alkaline media, and
research has been carried out on many less expensive metal cata-
lysts. However, it should be noted that many metal catalysts show
inadequate stability in acidic media.® Moreover, noble metal
catalysts are preferred in acidic media, but other catalytic materials
(such as oxides of Ir and Ru and carbides of tungsten) are also
employed for HER in acidic media.

On the contrary, electrolysers based on alkaline media are
technically well developed and widely available on the
commercial scale. Moreover, the hydrogen evolution reaction in
alkaline media presents an attractive substitution that not only
enhances the stability of noble metal-based catalysts, but also
opens a new way of investigating inexpensive metal (transition
metals) utilization as catalysts for HER. Moreover, in alkaline
media, HER is controlled via three elusive and significant
descriptors, such as (i) hydrogen adsorption on the catalysts
surface, (ii) preclusion of the adsorption of the hydroxyl group
on the catalyst surface as they poison the active sites of the
catalysts used, and (iii) the energy needed for water molecule
dissociation.” However, the main challenge in alkaline-based
HER technology is the decreased kinetics of the reaction.®
Thus, a new catalyst is needed that has the following features: (i)
may overcome the additional energy requirements for water
molecules dissociation, (ii) moderates the affinity of hydrogen
adsorption and its recombination to yield the hydrogen gas, and
(iii) prompts the kinetics of the reaction.®

Like other evolution reactions, it requires a high over-
potential; therefore, it is imperative to find a suitable electro-
catalyst that considerably exploits the efficiency of the process.*®
In this regard, noble metals (like platinum, ruthenium and
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palladium) are ideal electrocatalysts for HER. However, due to
their scarcity and high cost, it is urgent for the current elec-
trochemical research area to find an inexpensive electrocatalyst.
Many metals for HER have also been investigated in alkaline
and acidic media in the last few decades.'* Predominantly, 20%
Pt/C is typically used as a HER electrocatalyst and considered as
the benchmark catalyst, and most of the research has been
focused on preparing catalysts that show even better perfor-
mance. In this regard, many non-precious metal-based catalysts
are prepared, such as transition metal-based sulphides, nitrides
and oxides, but their performance is far from that of the
precious metal-based catalysts because of their limited flexi-
bility in catalyst design and reduced porosity."

Consequently, a new family of porous solids called porous
coordination polymer or metal-organic framework stand out as
a highly efficient candidate for HER. They are characterized by
the maximum degree of crystallinity, porosity, a high surface
area and pore size that clearly go beyond that of other porous
materials. As a catalyst, the development of MOF has attracted
the attention of researchers over the past decade and followed
two essential strategies: first, by carefully overlapping the
orbital of the molecular component for the design of MOF
conductive and semiconductive forms.”* Second, the develop-
ment of redox active MOFs from the components that allow the
charge of the electron and hole to jump. During its develop-
ment, the primary goal is to develop a low energy band gap, as at
the fundamental level, it offers an easy charge transfer in
coordination with space.**

Similarly, the synergistic effect of the MOFs framework and
its porous properties has provided a new range of applications
of these MOFs in a widespread range of fields, particularly in
catalysis. It is compulsory to note the outer coordination sphere
effects of the MOFs-based catalysts, such as hydrogen bonding
and proton transfer transmit. This leads to the assumption that
the MOFs catalytic sites could be approached via the engi-
neering of its frameworks by incorporating various active
ligands and metal components, and can present very aston-
ishing synergetic effects, which will lead to much improved
catalytic activity. However, as precursors, MOFs can produce
a variety of metal compounds or metal and carbon composites
with deliberate consideration of the elemental structures and
compositions.®

Taking advantage of the high surface area and porosity of the
MOFs, it has been employed as a catalyst for HER in the last few
decades.'® In addition, it has been used as an electrocatalyst for
HER because of the following reasons: (i) to replace the
expensive metal-based catalysts (PGM) with low-cost metals, (ii)
for lowering the needed overpotential during HER, (iii) for
escalating the kinetics of the reaction.”” Moreover, the surface
area, porosity and stability of the MOF-based materials are
further enhanced by composite formation with graphene oxide,
reduced graphene oxide and carbon nanotube. It not only
enhances the surface area and porosity, but also boosts the
activity of MOF in the water splitting reactions.®

Still, there are very few surveys on catalysts based on MOFs
that thoroughly explain the mechanism of catalysing HER,
cover up MOF supports, pristine MOFs and derived products of
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MOFs for HER. Thereby, this report is intended for recapitu-
lating the current progress made in MOFs-based catalysts, and
three forms of the hydrogen evolution reaction with a thorough
explanation of the mechanisms of reinforced activity and for
their material handling. In addition, this review will discuss the
probable modifications in the morphologies and electronic
structures of the electrocatalysts, for tuning their active sites,
and stable performances as competent catalysts for HER. First,
we will explain the fundamentals and electrochemistry of HER
in alkaline and acidic media. Then, we will outline the
requirements for an efficient and stable catalyst, challenges
with HER and limitations of electrocatalysts, along with
prospective solutions and recently reported data in detail. At the
end, we will list the concluding remarks.

2. Fundamentals of HER in acidic and
alkaline media
2.1 Reaction mechanism in acidic and alkaline media

A substitute of clean fuel for various energy systems and the
development of hydrogen through the hydrogen evolution
reaction in alkaline medium is currently a point of focus. This
process suffers from sluggish kinetics due to an additional
water dissociation step. So, the modern catalysts perform well
in an acidic medium and loses significant catalytic performance
in alkaline medium.*

Theoretical studies have shown that the performance of the
catalyst in an alkaline medium is mainly controlled by two
factors. These factors are water dissociation and hydrogen
binding energy. Thus, any catalyst having better capability to
dissociate the water molecules with good binding capacity and
produce a hydrogen molecule will result in better HER catalysis
in an alkaline medium.?® In terms of the reaction efficiency, very
few electrocatalysts have been reported that have competence
with Pt in an alkaline medium. Therefore, the basic laws of
electrode kinetics should be verified, and the reaction mecha-
nism needs to be explored. This will provide a foundation for
new researchers to examine new and efficient electrocatalysts.>

The catalytic reactions follow different mechanisms, as
shown in Fig. 1. In an acidic medium, the reaction follows the
combination of an electron from the electrode surface and
a proton from the electrolyte, which is stated as the Volmer
pathway. Another combination of the existing hydrogen atom
with the adjacent one is referred to as the Tafel pathway. The
combination of another proton from the electrolyte and an
electron from the electrode surface is referred to as the Heyr-
ovsky pathway. On the other hand, in alkaline media, the
protons are absent in electrolytes. So, the reaction starts from
the dissociation of a water molecule, referred to as the Volmer
pathway. Then, either the Tafel or Heyrovsky pathway follows
for hydrogen production. The additional water dissociation step
in the alkaline electrolyte indicates that the same catalyst shows
worse performance in an alkaline solution than in acidic
medium.** Moreover, the H, electrocatalytic evolution (HER) on
the surface of the catalyst-deposited electrode can be explained
in terms of the mechanism. The HER in the alkaline solution is
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Fig. 1 Schematic diagram of the Volmer—Heyrovsky and Volmer—Tafel processes on a catalyst surface in acidic and alkaline media.

considered a combination of three basic steps, one chemical
and two electrochemical. It can be seen that the initial step is an
electrochemical reduction of water to give a hydrogen molecule,
adsorbed on the electrode surface by the Volmer reaction. Then,
there is an electrochemical step for the adsorbed hydrogen to
produce H,, followed by the Heyrovsky reaction or by chemical
reaction, ie., Tafel reaction.?

In addition, the Tafel slope values define the potential
difference required to increase or decrease the current density
by 10-fold, which shows the HER process mechanism. When the
Volmer or discharge reaction is fast and the rate-determining
step is the chemical desorption (combination), the b should
be 29 mV dec™ ' and given by b = 2.3RT/2F = 0.029 V dec ' at
25 °C. However, if the discharge reaction is fast and the rate-
determining step is the electrochemical desorption, i.e., Heyr-
ovsky reaction, then the b should be 39 mV dec " and set by b =
2.3RT/2F = 0.039 V dec ' at 25 °C. Finally, if the discharge
reaction is slow, then the b should be 116 mV dec ' and given
by b = 2.3RT/2F = 0.116 V dec " at 25 °C.

21906 | RSC Adv, 2021, 1, 21904-21925

Volmer reaction
M + H,O + ¢~ = MH,gs + OH™
Heyrovsky reaction
MH,4 + HH O +e” = H,7T + M + OH™
Tafel reaction

MHads + MHads = HZT +2M

2.2 Rate of reaction

The hydrogen adsorption free energy, AGy, mainly determines
the rate of the overall reaction. If the hydrogen molecule weakly
binds the catalyst surface, then the adsorption (Volmer) step
will limit the overall reaction rate. Whereas if the hydrogen

© 2021 The Author(s). Published by the Royal Society of Chemistry
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binds catalyst surface is too strong, then the desorption, i.e.,
Heyrovsky/Tafel step will limit the rate. Thus, for an active HER
catalyst, AGy = 0 is the necessary (but inadequate) condition.
One of the characteristics of an active catalyst is that it neither
binds the reaction intermediate too strongly, nor too weakly.

2.3 The volcano plots

To modify the HER catalyst in acidic medium, the volcano plots
have been used as a guiding principle. This predicts that metals
with an optimal H-binding energy will be at the top of the
volcano, such as the PGMs, and will show the highest activity.
The optimal binding energy defines neither poor adsorption of
the reactants, nor exertion in the desorption of the final
product. Similar to the case in acidic medium, Yan and co-
workers recently revealed that the relation between the HER
exchange current density in alkaline medium and H-binding
energy values can be linked via a volcano type of relationship.
This is supported by both experimental and DFT studies.

Primarily, the HER activities on a series of non-metallic
surfaces are studied by different electrochemical measure-
ments, such as cyclic voltammetry (CV) on a Pt surface and
linear sweep voltammetry (LSV) on non-Pt surfaces. The
exchange current densities log(j,), roughness factor and Tafel
slopes were correlated. Afterwards, DFT calculations were
applied, and H-binding energy values were calculated via the
Vienna ab initio simulation package. Upon further discovering
a relationship between the HER activity and H-binding energy,
similar volcano plots were schemed that set the HER exchange
current density as a function of the calculated H-binding energy
values of these metallic surfaces. In acidic media, Pt (still at the
top of the volcano plot) requires minor overpotentials to get
high value reaction rates. However, the cost and insufficiency of
Pt limits its extensive use; thus, there is a need to search for
earth-abundant catalysts that have the capacity to substitute
Pt>* Other metals like W, Fe, Ni, Co, and Pd have high H-
binding energy in acidic media. In accordance with the d-
band centre theory, the adsorption phenomenon is stronger
when the d-band centre is adjacent to the Fermi level and
displays weak adsorption when the Fermi level and d-band
centre are at a distance. Therefore, 3d transition metals, e.g.,
Fe, Co, Ni, are mixed with Pt to make an alloy, and this addition
could alter the electronic properties and coordination environ-
ment of Pt. The utilization of Pt in this way is a better
approach.”

In alkaline media, the activity of HER drops by many frac-
tions as the value of the H-binding energy of Pt differs in the
acidic solution volcano curve. This suggests that the H-binding
energy might be a valuable criterion for recognizing the HER
electrocatalyst. The HER performance can be enhanced by
regulating the chemical properties of the surface for the optimal
value of the H-binding energy. Despite that, Stechmickler and
co-workers recently clarified that once the oxide covers the
surface of the metal, i.e., Mo, Ti and W, the relevancy of the
volcano plots vanished. The oxide layer drops the activity. So, it
was decided that Sabatier's principle predominantly resolved
the reaction, with exception of Ni and Co. These are 3d metals

© 2021 The Author(s). Published by the Royal Society of Chemistry
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having concise and small imbrication with hydrogen, that
marks them as worthy catalysts. The rate of the reaction
decreases for other metals because of the vastly exothermic
hydrogen adsorption and its complex pathway, which is the
result of many reaction intermediate stages. Hence, a worthy
catalyst should reach one of these three criteria: (i) it is necessity
to follow Sabatier's principle, i.e., at the equilibrium potential
AG = 0, (ii) it is better to possess a d-band to extend over the
Fermi level, and (iii) a distance of 0.5 A is required as the
electron relocates from the active catalyst, i.e., adsorption site,
to the proton. Consequently, catalysts possessing strong
collaboration between the hydrogen 1s orbital and the d-band
will be recommended (Fig. 2).

2.4 Requirements of catalysts for HER

The HER standard reduction potential is 0 V vs. RHE (at
a standard temperature of 25 °C and pressure, 1 atm). Never-
theless, a higher applied potential is mandatory for the actual
process of water electrolysis because of the association of the
ion transfer and complex electron processes. This causes a low
effeciency and slow kinetics.>®

The performance of the electrocatalysts is typically evaluated
by the subsequent parameters.*”

2.4.1 Overpotential. A catalyst that is worthy for HER
should have the capacity to lower the overpotential because a low
overpotential value is the reason for high catalytic activity. The
theoretical value of the cell potential for the complete water split-
ting route is 1.23 V (1.23 V for the oxygen evolution reaction (OER)
and 0V for HER). The OER and HER both require extra potential to
recruit reactions due to obstacles. One of the crucial factors to
estimate the catalyst activity is the extra potential, ie., over-
potential (). Usually, overpotential values of different catalysts are
related at a fixed current density, such as 100 mA cm™2 (n = 100)
and/or 10 mA cm™ 2 ( = 10). The preferred HER catalyst should be
capable of catalysing the reaction between 100 mV and less.

2.4.2 Electrochemically active surface area (ECSA). The
electrode material active area can reach the electrolyte for its
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Fig.2 Volcano plot of the exchange current density vs. metal-hydride
bond strength.
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charge transfer. Various techniques can be used to expand the
electrode surface area. This includes nano structuring, cyclic
voltammetry (for total electrode activity), and linear sweep vol-
tammetry (LSV). The steady-state currents at several applied
voltages can be adapted to define the accurate catalytic activity
with a limited time of 5 minutes.

2.4.3 Faradaic efficiency. Another parameter to evaluate the
act of the electrocatalyst is the faradaic efficiency (FE). This is
adapted to estimate the number of electrons in the desired
reaction in place of the side reaction. FE is the ratio of the
quantity of experimentally identified H, to the theoretical
amount of H,, which is intended from the current density built
on 100% faradaic revenue. This is the ratio of the experimen-
tally developed amount of H, to the theoretical H, quantity in
the HER process. Gas chromatography (GC) or water displace-
ment technique can be adapted to estimate the amount of
produced H,. The theoretical scheming of H, is done by the
circumstances of potentiostatic or galvanostatic electrolysis,
and relating it with an experimental value permits us to deter-
mine the faradaic efficiency. In general, 100% FE is reported in
HER and a greater FE signifies enhanced astuteness for the HER
process in alkaline media.

2.4.4 Turnover frequency. The turnover frequency specifies
the number of reactants converted by the catalyst, per catalytic
site, to the preferred product in per unit time. At present, the
scheme that is mostly intended for the HER catalyst TOF values
is centred on TOF = jA/4nF, where A represents the area of the
working electrode and n embodies the active material number
of moles, designed from the surface area of the catalyst, which
is electrochemically active. Nevertheless, it is not easy to find
accurate TOF values for most of the solid-state catalysts, mainly
for the few evolving complexes. The reason is that all of the
surface atoms of the catalyst are not equally reachable or cata-
lytically active. Furthermore, bubbles are produced with HER on
the electrode surface, resulting in an increase of the over-
potential because of the damage of the active surface area. The
TOF values are inexact, but they still can be beneficial to relate
the catalytic activity of several catalysts, mainly with the indis-
tinguishable system case.?®

2.4.5 Hydrogen bonding energy. An ideal electrocatalyst for
HER should not display too strong or too weak HBE. The HER
process shows that the first proton diffuses, and is then linked
to the surface of the electrocatalyst, and is finally reduced to H,.
Instead, the weak HBE indicates that the adsorbed proton
concentration on electrocatalyst is small. The catalysts become
poison when the HBE is strong because the catalyst active sites
are always covered with adsorbed H'. The standard hydrogen
electrode is taken at zero, so for an ideal HER electrocatalyst,
the value of AGy+ is compelled to zero. The current density is
also very important to describe the performance of HER.
Consequently, the HER improved activity is exhibited by elec-
trocatalysts that are close to the top of the Sabatier volcano
curve.”

2.4.6 Stability. The stability is another significant indicator
for HER catalyst utilization. For stability evaluation, there are
two approaches. One is monotonous cyclic voltammetry (CV) or
linear sweep voltammetry (LSV), and another is potentiostatic or
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galvanostatic electrolysis. This voltammetric method, by per-
forming the CV or LSV in the section together with the onset
potential, is used to compare the amendments in the over-
potential, before and after a definite run of cycles (e.g., 10.000).
After manifold potential cycling, a slight modification in the
overpotential suggests that the electrolysis is well-balanced. For
monitoring the potential (or current) divergence with time, at
a constant current density of the electrocatalyst, galvanostatic
or potentiostatic approaches are used and the applied current
density must be at a minimum of 10 mA cm ™2 and the period
should last for at least 10 h. For longer duration in the absence
of potential or current variation recommended worthy stability.

3. Challenges associated with the
HER electrocatalyst

In water splitting, the fundamental reaction is the hydrogen
evolution reaction, which is of great interest in modern elec-
trochemistry. This has attracted even more consideration
throughout the past decades by the reason of the rising needs
for renewable energy and for exploiting fuel cells as a green
device for energy conversion. Therefore, to better explore the
MOF and MOF-derived electrocatalysts for HER, there are
subsequent urgent issues that need to be considered.

Presently, a number of MOF precursors have been inde-
pendently investigated, usually of different dimensions (such as
in 1D, 2D and 3D), while the mixing of different dimension-
based precursor MOFs has rarely been reported. It is well
known that a 3D MOF shows better stability in the morphology
and structure with high porosity, but exhibits less active site
utilization. In contrast to the 3D MOFs, another 1D/2D MOF
shows better utilization of the active sites, but exhibits low
stability in the structure and morphology, and also shows poor
porosity. Thus, mixing the merits of the 3D MOF with the 1D/2D
MOF is highly desired, but still remains a great challenge for
researchers.*

Secondly, MOF and MOF-based composites as an electro-
catalyst for HER show better performance, but at high temper-
ature treatment they are easily collapsed, fused and form
aggregates, which significantly lowers the exposure of the
catalyst active sites and also lowers its mass transfer abilities. As
a result, they exhibit lower electrocatalytic performances. To
deal with these issues, there is a need of comparatively lower
temperature treatment. However, low temperature treatments
will lead to poor electrical conductivity due to the carbonization
of organic groups at lower temperatures, which would show
a low degree of graphitization of the carbon matrix. Thus,
attaining an optimum balance between the particle distribution
graphitization degree and surface structure within the MOF-
based composite systems by means of a suitable temperature
is still challenging.

Furthermore, most reports hardly discuss the stability of the
MOFs-based catalysts under working conditions, and also
ignore the degradation mechanism. Consequently, inclusive
effort must be dedicated to exploring the fundamentals of the
degradation activity, and there is also a need for developing very

© 2021 The Author(s). Published by the Royal Society of Chemistry
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active MOF-based HER electrocatalysts that exhibit high elec-
trocatalytic activity with long-term stability at different oper-
ating conditions.**

Moreover, for fabricating an astonishing electrocatalyst
working in acidic or alkaline medium, there are challenges
related to HER. Electrocatalysts working efficiently in acidic
media are not proficient in alkaline media because a high
overpotential is needed in the alkaline media to initiate the
catalysis with deprived power efficiencies. Furthermore, the
chemistry of these reactions suggests that an additional energy
barrier is requisite, which needs to be overcome by the verity of
the catalysts to carry on the hydrogen production
electrocatalytically.

Besides the dissociation of water, the binding energy of
water is poorer in contrast to the OH™ ion, and is an additional
challenge to construct a metal hydrogen bond in alkaline
media. Moreover, the surface coverage by spectator species even
in the auxiliary HER potential region confines the logical
prediction about the rate-controlling factors and their
interaction.

In addition, there are debates regarding the rate of HER in
high (pH = 13) and low (pH = 1) pH. In alkaline medium, the
rate of the reaction is 2-3 times lower in magnitude than in
acidic media. This is why in alkaline media, the reaction is more
sensitive to the surface atom than in acidic media, where the
reaction is highly insensitive to the surface atom. In the end, the
question arises whether the HER activity on the metal surfaces
in alkaline electrolytes can approach the activity in acidic
medium, ie., at low pH values.”

4. State of electrocatalysts for HER

Up to now, catalysts for HER in alkaline medium are reported to
be lower in number than catalysts for acidic medium. Further-
more, in alkaline media, the HER catalysts can be categorized
into three major groups, such as (i) the noble metals and their
alloy-based catalysts, e.g., Ir, Pt, Ag, Ru, Pd; (ii) low-cost transi-
tion metals and their heterogamous nanostructure-based cata-
lysts, including Mn, Fe, Cu, Co, Mo, Ni, and W; and (iii) non-
metal based catalysts consisting of B, P, C, N, S, and their
alloys. Fig. 3a-c illustrates the activity of a few of the noble
metal-based catalysts in acidic and alkaline media.

Nowadays, the research has been focused on developing
HER MOF-based catalysts in alkaline medium with
enhanced stability and high activity, and it is considered as
an important and promising candidate for commercial
viability.

Like previous cavernous catalysts, the pristine forms of
MOFs or MOFs as supporting frameworks can be used to halt,
scatter and remove external species that are catalytically active
on account of their powerfully built and adaptable network.
This blend of catalytically active nanoparticles with frameworks
can initiate astonishing interactive effects. This would advance
the functioning of either guest material or host. Nevertheless, as
a precursor, MOFs can be employed to produce a diversity of
metal components or composites of metal/carbon with
purposefully planned elemental composition and structure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Recently, a significant number of articles have emerged on
HER MOFs-based catalysts. Furthermore, in industries, an
unpredictable expansion of hydrogen power-driven technol-
ogies has developed. However, the MOFs-based catalysts were
revised thoroughly  for characteristics, devices,
manufacturing and their electrocatalysis employment. For
example, Mehmood et al. in 2016 displayed a MOF-based
materials review for electrocatalysis. This indicates the
application of MOFs in all sorts of electrochemical applica-
tions, and in particular, electrocatalytic HER. Wang et al. in
2017 issued a thorough report of MOFs for its energy utili-
zation. This covers fuel cells, CO, reduction, Li-ion batteries,
chemical reservoirs and also water splitting/HER.

MOF-based HER catalysts demonstrate significant proper-
ties, such as elevated reaction kinetics, reduced overpotential,
and for the hydrogen intermediate, their suitable Gibbs free
energy. Regardless of its considerable properties, their
continuing stability at eminent current density, i.e., 500 mA
cm™?, is rare such that it obstructs their practical relevance in
water electrolysis devices. Moreover, in many reports, its
stability is scarcely discussed under working conditions, and its
degradation mechanism is totally ignored. Therefore, a large
effort should be directed to unveiling the basics of activity
degradation and developing very active MOF-derived HER
electrocatalysts with long-term stability at high current densi-
ties, as discussed below:

4.1 Pristine MOFs

Similar to other porous materials used as catalysts, the metal-
organic framework can also be employed in pristine forms.** In
designing pristine MOFs for the hydrogen evolution reaction,
the choice of organic linkers and metal type is mostly based on
the framework configuration and catalytic activity. However, as
an electrocatalyst, it has rarely been applied for HER catalysis
due to its low conductivity and proportional instability in
alkaline and acidic media. In this regard, a number of steps
have been taken for improving the catalytic activity of pristine
MOFs for the hydrogen evolution reaction without the
requirement of post-treatment. It includes MOF hybridization
with active materials and its combination with highly conduc-
tive substrates, such as graphene oxide, reduced graphene
oxide-activated carbon and others. Table 1 shows the list of
pristine MOFs from the literature. However, some of the
superlative successes are linked with the effective design of the
catalyst framework itself, as described below.

Jahan et al. reported on the GO-based Cu-MOF catalyst for
the hydrogen evolution reaction prepared via solvothermal
reaction.®® For HER, the catalyst is tested in an acidic medium
(0.5 M H,S0,), and showed a potential of —0.209 V vs. RHE at
the current density value of 30 mA cm ™ with a Tafel slope value
of 84 mV dec'. These parameters are equivalent to the
benchmark catalyst, i.e., 20% Pt/C showing a potential of
—0.058 V vs. RHE and Tafel slope of 30 mV dec™ . The noted
point is the current density of 30 mA cm ™2, which is considered
by the authors to not be the benchmark current density value of
10 mA cm > due to their early year publication in 2013.
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Fig. 3 Comparison of noble metal-based catalysts for HER in acidic and alkaline media. (a) Pt-based electrocatalysts; (b and c) Ru based

electrocatalysts.

Subsequently, the overpotential value at a current density of 10

21910 | RSC Adv, 2021, 11, 21904-21925

various experimental results in the literature.

The choice of organic linkers and metal node is primarily
mA cm ™ is broadly accepted and employed as a comparison of based on their framework formation and its catalytic perfor-
mance for HER, and considered as the significant part in the
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design of the pristine MOF as a catalyst for the electrocatalytic
hydrogen evolution reaction.

Wau et al. reported an alternative pristine Co-based pristine
MOF, such as CTGU-5 and CTGU-6. Initially, they are synthe-
sized as a mixture by following the solvothermal method, but
crystallized in the pure form by employing neutral and anionic
surfactants, as illustrated in Fig. 4a. Both MOFs comprise cobalt
as the metal, and 1,4-bis(imidazole)butane and naphthalene-
1,4-dicarboxylic acid as the ligands. Both prepared MOFs are
different from one another by the way they coordinate with the
H,O molecule. For example, in CTUG-5, the water molecule is
coordinated with the central metal (i.e., Co) part of MOF. In
contrast, in CTUG-6, the water molecule is coordinated with the
framework through hydrogen bonding. Due to these differences
in the coordination, the following MOFs exhibits a 2D structure
for CTUG-5 and 3D structure for CTUG-6.

Both prepared catalysts were used for HER in an acidic
medium (0.5 M H,SO,). They exhibit the following Tafel slopes
and onset potential values, such as 176 mV dec™ ' and 425 mV
for CTUG-6 and 125 mV dec ' and 388 mV for CTUG-5,
respectively. In addition, various acetylene black (AB)-based
composites with varying stoichiometric ratios of acetylene
black and CTUG-5 were prepared. The composite AB&CTGU-
5(1 : 4) demonstrated superior electrocatalytic activity. At 10 mA
cm 2, it exhibited low overpotential up to 44 mV with 45 mv
dec™" (Tafel slope). At 255 mV overpotential, it showed stability
for 96 h in chronoamperometric performance.

At the end, it can be summarized that in the pristine MOF,
the choice of metal can determine the electrocatalytic activity
for HER. In addition, the choice of organic linker is crucial
because of its momentous effects on the overall MOF

Table 1 A list of pristine MOFs-based electrocatalysts for HER
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framework, which consequently affects the electrocatalytic
performance of the MOF-based electrocatalysts for HER.**

Duan et al. reported on nanosheet arrays of bimetallic FeNi-
MOF, which showed the best electrocatalytic activity in a basic
medium (0.1 M KOH) for the hydrogen evolution reaction. FeNi-
MOF showed the current density of 10 mA cm™? at an over-
potential of 134 mV. Furthermore, at 200 mV, it displayed stable
activity up to 2000 s. Moreover, to test the overall competence of
the catalyst to split the water molecules electrocatalytically, the
authors assembled a two-electrode electrolyzer by employing
catalysts at both cathode and anode sides. It takes 1.55 V of cell
voltage to reach the current density of 10 mA cm™ 2, and shows
stability for 20 h at 1.5 V. The authors proposed that extra
structural vacancies can be introduced by the existence of iron
in a bimetallic catalyst system, which additionally improves the
activity of FeNi-MOF. Furthermore, the electrode preparation
does not need any additional binders due to the direct growth of
the catalyst on the nickel foam, which evades the need for the
use of insulating binders. Additionally, the Ni foam as
a substrate boosts the catalyst performance by amending the
mass transport of the electrolyte and product because of its
microporous structure.*

4.2 MOFs as supports

MOF has also been selected as a support because it exhibits
high pore volume and high surface area. Moreover, its catalytic
active sites are highly dispersed and exposed. However, the
synergetic effects between the supported catalysts and the MOF
support may contrive certain astonishing mechanisms. Table 2
shows the list of MOFs (as a support)-based catalysts for HER
from the literature.

M10 Tafel slope
Electrocatalyst Test condition (mv) (mV dec™) TOF () Stability Ref.
3D NibpyfedHp 0.5 M H,SO, 350 60 2.1 x107%s7! 30 hours 36
3D Cobpy(fcdHp) 0.5 M H,S0, 400 65 2.8 x 107 *s! 2000 cycles 36
1D Zn(fedHp) 0.5 M H,S0, 340 110 45%x10 35! 1000 cycles 37
Co,(Hpyez),-H,0 0.5 M H,S0, 223 121 — 72 h 38
2D MOF H;[Ni§'(tht),] 0.5 M H,SO, 333 80.5 — — 39
THTA-Co H;[Cos(tht)(tha)] 0.5 M H,SO, 283 71 — 300 cycles 40
G/THTA-Co G/H;[Cos(tht)(tha)] 0.5 M H,S0, 230 70 — 400 cycles, 4 h 40
H;[Nij(tht)(tha)] 0.5 M H,S0, 315 76 — — 40
2D Naj[Coj'(bht),] (MOS-1) 0.05 M H,S0, 340 — 0.113 57" 10h M
3D Co/Ni-MOFs 0.5 M H,S0, 357 107 — 2000 cycles 42
96 h (Co) and 72 h (Ni)
Hf,,-CoDBP/(CNTSs) 0.026 M TFA 650 178 17.7 87" 7h 43
2D Cu MOF, 0.5 M H,SO0, 660 100 113 s " — 44
Cue(CsH404)s(H20)6- Ha[P(W304)4]
2D Co-MOFs [Co(X4-pta)(bpy)(H20),].; AB 0.5 M H,S0, 283 86 — 24 h 45
& Co-CI*~ MOF (3 : 4)
Cu-MOF: HKUST-1 ED HKUST-1 HT 0.5 M H,SO0, 590 183.6 46
660 222.4
3D: AB & Cu-BTC 0.5 M H,S0, 208 80 — 18 h, 2000 cycles 47
Au/Co Fe-MOFNs 0.1 M KOH 115 — — 48
94
Pt/C (20 wt%) 0.5 M H,S0, 52 30 — — 40

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic illustration of the two isomeric phases of Co MOFs and their crystal structure diagrams. (a) Polarization curves for a variety of
electrocatalysts in 0.5 M H,SOy; (b) Tafel plots of the subsequent polarization curves.** Exclusive rights 2017 John Wiley and Sons.

Chen et al. reported the anchoring of a single tungsten atom
via pyrolysis on a carbon matrix that was already nitrogen
doped, and these structures were supported on a metal-organic
framework (illustrated in Fig. 5). The prepared MOF based

Table 2 List of MOFs (as a support)-based catalysts for HER from the literature

catalysts were used for the hydrogen evolution reaction in an
alkaline media. They carried out electrocatalytic studies in the
presence and absence of the tungsten-modified catalysts, and
compared their activity via polarization curve and EIS study. In

H, production

Sample ID H, precursor Condition rate (TOF) Stability Ref.
AuNi@MIL-101_a NH;-BH; Room temperature  66.2 min~* 5 cycles 51
Auy ,5Pd, 47C0p »5/MIL-101-NH,  Formic acid 25 °C 347 h7! Significant decrease after 9 cycles 54
NiPt@MIL-101 Hydrazine monohydrate 25 °C 65.2h" Slight decrease after 5 cycles 53
CuCo/MIL-101 NH;-BH; Room temperature  51.7 min ' 5 cycles 55
FeCo/MIL-101 — — 50.8 min ™’ —

NiCo/MIL-101 — — 44.3 min~" —

CuCo/MIL-101 NH;-BH; Room temperature ~ 19.6 min~* 5 cycles 56
Nig oPto.1/MIL-101 Hydrazine borane Room temperature 1515 h™* Slight decrease after 20 cycles 57
Nig4Pt36/MIL-96 Hydrazine monohydrate 50 °C 90 h* 4 cycles 58
(NizPt;)o.5—(MnO,)o s/NPC-900 Hydrazine monohydrate 25 °C 120 h™ ! 5 cycles 59
Nig4Pt36/MIL-96 Hydrazine monohydrate 25 °C 90 h™* 4 cycles 58
Nig.gPto.»/MIL-101-NH, Hydrazine monohydrate 25 °C 1143 h™! 4 cycles 60
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addition, they recorded the overpotential, Tafel slopes and TOF,
as shown in Fig. 5a-e. The MOF-derived, nitrogen-doped, and
tungsten-anchored carbon matrix exhibited a significant low
overpotential value, i.e., 85 mV, at a current density of 10 mA
ecm 2 with a TOF value of 6.53 s™' and Tafel slope of 85 mV
dec™. In contrast, the condition of no W-anchored carbon
matrix-based MOF showed high TOF, overpotential and charge

View Article Online

RSC Advances

transfer resistance values. Moreover, the electrocatalytic study
revealed that the activity of the W-anchored catalysts was
comparable to that of the commercially available Pt/C in an
alkaline medium (0.1 M KOH).*

Sun et al. reported on NF@Ni/C-400-700. Metal scaffolds,
such as nickel foam, are often employed as substrates because
they can provide high catalyst loading. The rapid mass transfer
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Fig. 5 HER activity of the modified electrocatalyst in alkaline media (0.1 M KOH). (a) Polarization curves of the prepared catalysts for HER, (b)
comparison of the overpotential values, (c) Tafel plots and slope calculation, (d) Nyquist plots of W-SAC, (e) TOF (s™%) values for W-SAC, (f)

synthesis of the catalysts.*® Exclusive rights 2018 John Wiley and Sons.
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enhances the catalytic activity significantly due to the lamellar
structure of MOF and porous morphology of the nickel nano-
particles, which significantly encourage the access of electro-
lytes with enhanced mass transportation, resulting in expedited
reaction kinetics.

The catalysts were synthesized via solvothermal method, and
then calcined at different temperatures (such as 400-700 °C)
under argon and hydrogen atmosphere. Among all the prepared
catalysts, such as the NF@Ni/C-400, NF@Ni/C-500, NF@Ni/C-
600, and NF@Ni/C-700 -catalysts, NF@Ni/C-600 exhibits
a considerably high HER activity in alkaline medium (1.0 M
KOH) because of the following factors and synergetic effects.
First, the presence of nickel nanoparticles on the carbon
nanotube tip acts as a catalytic site, where proton reduction and
evaluation occur. Second, the dispersion of nickel nanoparticles
is homogenous on the 2D planar sheet, which remarkably
lessen the hydrogen ion diffusion length. Thus, this facilitates
the hydrogen ion transportation, showing a lower overpotential
value of up to 37 mV at 10 mA cm ™2, Tafel slope value of up to
57 mV dec ' and lower charge transfer resistance value of 17.5

Ni(NO3)2'6H20

) ! //) . Hydrothermal
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Q recorded at —0.1 V vs. RHE, which outperformed the bench-
mark catalysts (e.g., Pt/C). The lower activity of other catalysts,
such as NF@Ni/C-400 and NF@Ni/C-500, is justified by the
insufficient reduction of Ni**. Furthermore, the MOF carbon-
ization at the calcination temperature, i.e., 400 and 500 °C, may
affect the kinetics of the reaction and the activity of the catalysts
is thus lower for HER. As far as NF@Ni/C-700 is concerned, the
lower activity is justified by Sun et al. in the agglomeration of
the nickel nanoparticles, as indicated by Fig. 6a-c.*®

Weng et al. reported on a novel nanowire electrocatalyst that
included S-CoWP®(S,N)-C for the hydrogen evolution reaction,
comprising a sulphur and nitrogen-doped carbon matrix with
CoWP nanoparticles (also doped with sulphur). The nanowires,
i.e., COW-MOF, were in situ prepared via hydrothermal method,
and the fabrication route is demonstrated in Fig. 7a. To know
the effect of both sulphur and nitrogen doping on the carbon
matrix and only sulphur doping on the nanoparticles of CoWP,
the electrochemical activity was investigated in 1 M KOH. They
showed enhanced activity: at a current density of 10 mA cm ™, it
exhibited a low overpotential of 61 mV and the Tafel slope value

*
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Fig. 6 HER activity of the modified electrocatalyst in an alkaline media (1.0 M KOH) synthesis of the catalysts Ni@CNTs. (a) Polarization curves of
the prepared catalysts for HER, (b) comparison of the overpotential values, (c) comparative Nyquist plots of Ni@CNTs (400-700 °C).*¢ Exclusive

rights 2013 Royal Society of Chemistry.
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calculated from the Tafel plots (illustrated in Fig. 7b and c) was
55 mV dec”' vs. RHE. This is because the S, N-C wrapping
protected the S-CoWP nanoparticles well, so that their cores
were prevented from oxidation, particularly during HER.
Therefore, the reported catalysts are stable and active enough in
alkaline media.*

Zhu et al. reported on MIL-101 (Cr-based MOF), on which the
AuNi alloy nanoparticles are immobilized for better hydrogen
evolution reaction. HER is chemocatalytically achieved from
ammonia borane (NH;-BHj). The selection of the MIL-101 MOF
as a support is based on its stability in water and air, its large
pore volume and high surface area. Furthermore, the pore size
window for MIL-101 is in the 1.2-1.6 nm range, which is
advantageous for the Ni and Au precursor diffusion inside the
frameworks. Ammonia borane catalytic hydrolysis is done by
preparing the catalyst suspension in distilled water, and the
considered concentration of NH;-BHj is 1 mol L™ ", During the
following chemocatalytic reaction, hydrogen gas is evolved,
which is measured via water molecule displacement in a gas
burette. The respective rate of hydrogen evolution is reported in
terms of the turnover frequency (TOF), which is 66.2 min™". In
contrast to the single metal-based MIL-101 (such as Ni@MIL-
101 and Au@MIL-101), it shows better performance. The
excellent activity of AuNi@MIL-101 for HER is linked with the
uniform distribution of Au and Ni nanoparticles as a result of its

View Article Online
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confined growth inside the MIL-101 pore, and shows consid-
erable stability during performance for up to five cycles.**

Cheng et al. also reported a similar immobilization of alloy
nanoparticles on the MIL-101 MOF support, but the changes are
the number and type of metals, the amine-modified MIL-101 as
the MOF support, and AuPdCo as the incorporated metal alloys.
HER is chemocatalytically achieved from formic acid, and its
catalytic hydrolysis is done by preparing an aqueous solution of
sodium formate and formic acid in a flask that already contains
the catalyst. The respective rate of hydrogen evolution is
measured at 25 °C in terms of the turnover frequency (TOF),
which is 347 h™ . This is excellent performance of a trimetallic
nanoparticle (i.e., AuPdCo) confinement within the framework
pores, and in the presence of amine groups on a framework.
Moreover, the presence of formic acid will lead to various
coordination intermediates, such as (H,NH"-CoAuPd-OOCH ),
which generate CO, with the desorption of H' from the metal
hydride H,NH'-CoAuPd-H . However, an additional step is
needed for the separation of hydrogen from carbon dioxide, as
both gases are produced in an equal molar quantity during the
formic acid decomposition.*

In addition to the above mentioned bi- and trimetallic-based
MIL-101 MOFs, a similar work was reported by Cao et al. that
uses bimetallic, i.e., NiPt nanoparticle immobilization inside
the pores of MIL-101 for the hydrogen evolution reaction. HER
is chemocatalytically achieved from hydrazine monohydrate,
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and its catalytic hydrolysis is done by preparing an alkaline
solution of sodium hydroxide. Hydrazine hydrate is also added
to the sodium hydroxide solution. The respective rate of
hydrogen evolution is measured at two different temperatures
(25 and 50 °C), which results in a turnover frequency of 65.2 h™*
(25 °C) and 375.1 h™" (50 °C), respectively. Moreover, there is
a slight decrease in the performance of the catalyst after 5 cycles
of processes.

Likewise, MIL-101 exhibits superior detention functions.
There are a number of other reports that use MIL-101 and
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amine-modified MIL-101 as a supporting framework, i.e., for
NiCo, for NiPt and others. Moreover, other reported MOFs
frameworks as a support for NiPt to perform the chemocatalytic
hydrogen evolution reaction, including ZIF-8 and MIL-96, are
given in the literature and show superior activity for HER.>

4.3 MOF derivatives

In contrast to the applications offered by MOFs utilized as
a support or employed as pristine MOFs, more attention has
been devoted by the researchers on the deployment of MOFs as
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precursors to fabricate a wide variety of catalysts based on
metals with definite designed structures and chemical compo-
nents. MOFs as a precursor can harmoniously bring a pleasing
surprise in structural alteration that improves the electro-
catalytic performances as HER catalysts.

Wu et al. reported on porous MoC, nano-octahedrons-based
HER catalysts prepared from Cu-MOF (Cu;z(BTC),(H,0)3, BTC =
benzene-1,3,5-tricarboxylate) ~ with ~ H3PMo0,,0,4  (poly-
oxometalate units) as guest molecules. The following MOF
precursors were designed as NENU-5 ([Cu,(BTC)4/3(H20),]6l-
H PMo0,,0,0]). In nitrogen gas flow, the direct pyrolysis of
NENU-5 is done. As a result, molybdenum carbide (MoC,) is
synthesized, elemental Cu is initially present in the carbon
matrix, which is removed by treating it with FeCl; solution, as
illustrated in Fig. 8a. The electrocatalytic activity of the prepared
MoC, is checked for HER in alkaline and acidic media. The
catalysts show splendid performance in acidic and alkaline
media, such as in acidic media (0.5 M H,SO,). It needed an
overpotential of 142 mV to attain the current density of up to 10
mA cm 2 and consequent Tafel slope of up to 53 mV dec ™ *, as
illustrated in Fig. 8b and c. In alkaline media, the Tafel slope is
59 mV dec™ ' and the overpotential is 151 mV, as illustrated in
Fig. 8d and e.

At the end, it can be concluded that NENU-5 not only acts as
precursors, but also precincts the growth of MoC,. As a result,
the nanosized crystals are uniformly distributed in the carbon
matrix, and the prepared material shows tremendous stability
in alkaline and acidic media.**

Yang et al. reported on nitrogen-doped graphene layer-
encapsulated Fe-Co-based alloy nanoparticles. They are
synthesized by the direct carbonation of the MOF precursor at
various ranges of temperatures, i.e., 600-800 °C, under the flow
of nitrogen. MOF precursors, such as Fe;[Co(CN)g],, comprises
CN- as the linker and Fe and Co are bimetallic nodes, as
illustrated in Fig. 9a. At a high annealing temperature, it yields
iron and cobalt-based nanoparticles that are rich in nitrogen
content (8.2%) with high catalytic active sites (i.e., Fe, Co) that
show superb electrochemical performance for HER in acidic
media. In acidic media (0.5 M H,S0O,), it shows an overpotential
of up to 262 mV for attaining a current density of 10 mA cm >
and shows a slope value of 74 mV dec™'. At 300 mV over-
potential in the chronoamperometry test, it showed superb
stability for 10 h.

The tremendous activity of the catalyst can be ascribed to
subsequent qualities, such as: (i) the synergetic effect among
the metals (Fe-Co) and nitrogen-doped graphene improves the
catalytic performance of the prepared material, as it improves
the charge transfer from the metals to the graphene site, (ii) Fe
atom incorporation into the Co clusters (Co,) modify the bond
length of Co-Co, and establish new bond lengths (such as Co-
Fe and Fe-Fe), which can also customize the free energy (AGy),
(iii) the incorporation of alloy nanoparticles via nitrogen-doped
graphene can protect the nanoparticles from corrosion; as
a result, it will enhance the stability of the catalysts.®>

The development of a low-cost, highly active, and vastly
exposed active sites-based metal-organic framework as HER
electrocatalysts is an imperative and challenging step.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Qiu et al. reported on a ruthenium-based HER electrocatalyst
decorated on hierarchically porous carbon, where CuRu-MOF
acts as a template during the fabrication, Cu particles are
removed, and Ru particles (smaller in size) may thus be exposed
and play a significant role in the HER activity. Surprisingly, at
22.7 mV of overpotential, Ru-HPC accomplished a current
density of 25 mA cm™? and a turnover frequency of 1.79 H, s *
at 25 mV, which is approximately two times higher than that of

“Mono- ™.
metallic :
MOF

/aht?b.t
0
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the commercial Pt/C (Fig. 10a). Moreover, Ru-HPC had high
active site density, i.e., 0.390 x 10> mol gpear - and ECSA of
385.57 m? Zmetal ', Which confirmed the high exposure of the
Ru active sites during the electrochemical activity. Furthermore,
in contrast to commercial Pt/C, it demonstrates a low Tafel
slope value of 33.9 mV per decade (Fig. 10b), representing
a Volmer-Tafel pathway with the recombination of the chem-
isorbing hydrogen atoms as the rate-limiting step. The lower
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Tafel slope value of Ru-HPC suggested that the HER rate was
augmented considerably as the overpotential increased, which
is advantageous for practical application. This work presents
a simple approach to manufacture high-performance metal-
carbon hybrid electrocatalysts with generous bare active sites
such as that of bimetallic MOFs, which should be useful to
numerous other metal-carbon hybrids for a variety of electro-
chemical applications in the near future.®

In addition, MOFs such as ZIF-67 are considered to be one of
the most popular precursors, and has successfully been used in
the electrocatalytic hydrogen evolution reaction. In 2017 Yilmaz
et al. reported a ZIF-67 derived system, wherein the nickel cobalt
double hydroxide sulfurization will lead to the formation of
NiCo-LDH/Co4Sg, an interlayered metal sulphide system.** For
HER, the catalyst electrocatalytic activity is tested in a basic
medium, i.e., 0.1 M KOH, for the attainment of a current density
of 10 mA ecm 2 and Tafel slope of 62 mV dec '. The catalyst
displays an overpotential value of 142 mV, and also exhibits
superior stability for 60 h under a constant potential value. This
astonishing performance of the MOF-derived catalyst is due to
the formation of a hollow structure, and is also due to the
development of a bimetallic hydrosulphide system that plays
a role in enhancing their activity for HER.

Apart from the work of Yilmaz et al., many other ZIF-67-
derived HER catalysts have been reported, such as nickel

View Article Online
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phosphides, porous CoP, Co@N-doped carbon nanotubes and
nitrogen doped carbon.

Similarly, a list of other precursors (aside from ZIF-67) has
also been reported, such as MOF-74, Co-based MOFs, Ni-based
MOFs, ZIF-8 and nickel iron-based MOFs. Nickel cobalt-based
MOFs are used as precursors for the preparation of different
fascinating metal compounds and various other M/C-based
composites for electrocatalytic water splitting.*® Tables 3 and
4 summarise the overall HER activity of various MOFs and MOF-
derived electrocatalysts.

5. Conclusions and
recommendations

HER is probably the most direct and easiest way to generate high
purity H,. Many approaches have been considered for the fabri-
cation of electrocatalysts for sustainable hydrogen production
during HER. Among all the reported electrocatalysts, MOFs-based
materials show remarkable activity during HER because of its high
crystallinity with controllable porosity and tailorable structure. The
use of MOFs-based materials as electrocatalysts for HER is because
of the following reasons: (i) to replace expensive metal-based
catalysts (PGM) by low-cost metals, (ii) for lowering the needed
overpotential during HER, (iii) for escalating the kinetics of the
reaction.

Table 3 Summary of the HER activity of various MOFs and MOF-derived electrocatalysts in acid/neutral/alkaline conditions

Catalysts Electrolyte Tafel slope (mV dec™") Overpotential (mV) Ref.
CTGU-5 0.5 M H,SO, —125 —388 65
CTGU-6 0.5 M H,S0, —176 —425 65
AB&CTGU-5 0.5 M H,SO, —45 —44 65
Ui0-66-NH,-Mo-5 0.5 M H,S0, —59 —200 66
NENU-500 0.5 M H,SO, -96 —237 67
NENU-501 0.5 M H,SO, —137 —392 67
HUST-201 0.5 M H,SO, -79 —-192 68
HUST-200 0.5 M H,SO, —51 —131 68
(GO 8 wt%) Cu-MOF composite 84 209 at 30 mA cm 2 33
Zng 30C0,.70S4 polyhedra 0.5 M H,SO, 47.5 80 69
CoP CPHs 0.5 M H,SO, 51 133 70
MoC, nano-octahedrons 0.5 M H,SO, 53 142 61
MoS,/3D-NPC 0.5 M H,S0, 51 210 71
Au@Zn-Fe-C 0.5 M H,S0, 130 123 72
Layered CoP/rGO composite 0.5 M H,S0, 50 105 73
1M KOH 38 150 73
NiFeP 1.0 M KOH —-69 —178 74
Fe;C/Mo,C@NPGC 0.5 M H,SO, —45 —98 12
Cuz;P@NPPC-650 0.5 M H,SO, -76 —89 75
MoS,/3D-NPC 0.5 M H,S0, —51 —210 71
Ni,P/C 0.5 M H,S0, —113 —198 76
CoP-CNTs 0.5 M H,SO, —52 —139 77
Ni-MoC,—-C (HC800) 1.0 M KOH —-83 —-123 78
Mo,C/C 1.0 M KOH —64 —165 79
A-Ni-C 0.5 M H,SO, —41 —34 80
Cro cRug 40, 0.5 M H,SO, 58 178 81
CoP@BCN-1 1.0 M KOH —52 —215 82
CuCo@NC 0.5 M H,SO, —-79 —145 83
Cu;P@NPPC-650 0.5 M H,S0, —-76 —89 75
Ni foam, SS mesh 1 M KOH 130, 51 1.74 V, 0.277 84
NSPC-1000 0.5 M H,SO, 172 85

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of the HER activity of various metal-based
composites in acid/neutral/alkaline conditions

Tafel slope

Catalysts Electrolytes (mV dec™') n@j (mV@mA™>) Ref.
Pt-MoS, 0.1 M H,S0, 96 ~ 150@10 86
ALD50Pt/NGNs 0.5 M H,50, 29 50@16 87
400-SWMT/Pt 0.5 M H,SO, 38 27@10 88
Pt-GDY2 0.5 M H,S50, 38 ~ 50@30 89
PtSA-NT-NF 1.0 M PBS 30 24@10 90
Pt SAs/DG 0.5 M H,S0, 25 23@10 91
Mo0,TiC,T,-Ptgs 0.5 M H,SO, 30 30@10 92
Pt@PCM 0.5 M H,SO, 65.3 105@10 93
Pt@PCM 1.0 M KOH 73.6 139@10 93
Pt;-MoO;_, 0.5 M H,SO, 28.8 23.3@10 94
Pt SASs/AG 0.5 M H,SO, 29.33 12@10 95
SANi-PtNWs 1.0 M KOH 60.3 70@10 96
Pt1/NMC 0.5 M H,S0, 26 55@100 97
Pt/np-Co, g5Se 1.0MPBS 35 55@10 98
Pd-MoS, 0.5 M H,SO, 62 78@10 99
Ru SAs@PN 0.5 M H,S0, 38 24@10 100
Ru@Co SAs/N-C 1.0 MKOH 30 7@10 101
Ru-Mos,/CC 1.0 M KOH 114 41@10 102
Pt-Ru dimer 0.5 M H,SO, 28.9 ~ 20@10 103
Fe/GD 0.5 M H,SO, 37.8 66@10 104
Ni/GD 0.5 M H,SO, 45.8 88@10 104
A-Ni-C 0.5 M H,S0, 41 34@10 80
Ni-doped graphene 0.5 M H,SO, 45 180@10 105
A-Ni@DG 0.5 M H,S0, 31 70@10 106
SANi-I 1.0 M KOH 34.6 60@100 107
Co-NG 0.5 M H,S0, 82 147@10 108
Co,/PCN 1.0 M KOH 52 138@10 109
Co SAs/PTF-600 0.5 M H,S0, 50 94@10 110
Mo;N,C, 0.5 M H,SO, 86 154@10 111
W,N;Cs 0.5 M H,SO, 58 105@10 49

For water splitting, much effort has been focused on
improving the stability of the MOF-based material and its
catalytic activity in alkaline and acidic media, such as: (i) the
development of an unsaturated active site inside the frame-
work; (ii) replacement of available elements in the framework by
various other catalytically active elements; (iii) doping of many
catalytically active elements with other elements, such as ions
and nanoparticles, which may boost the stability and activity of
the fabricated material; (iv) considering the chances to design
a metal-organic framework with distinct functionalities, and it
is necessary to incorporate the types of functional groups that
are more susceptible to water splitting; (v) direct fabrication on
conductive substrates, such as nickel and copper foam, and on
titanium foil; (vi) composite formation by the introduction of
various carbon-based components, ie., pristine graphene,
carbon nanotubes, reduced graphene oxide and carbon cloth to
enhance their surface area for the exposure of more active sites
on the framework to speed up the mass transport efficiency
between the catalyst and electrolyte.

We have undoubtedly highlighted in the previous sections
how MOFs could be employed as catalysts for HER. The demand
for catalysts with a high surface area and carbon support is
evident. Furthermore, the chances to design MOFs composites
are still there as a result of their unique physio-chemical
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properties, apparent stability under acidic and alkaline condi-
tions, and the chances to promote efficiency via simple modi-
fication procedures that demonstrate high activity during HER.
Certainly, when these issues are adequately addressed and the
stable electrocatalysts in acidic and alkaline media are estab-
lished, the application of MOFs will escalate water splitting as
a more environmentally friendly way to produce hydrogen.
There are a few recommendations that need to be addressed for
enhanced production hydrogen. First, under varying working
conditions, the MOF-based catalysts lost their stability. There-
fore, detailed experiments are recommended to examine the
changes in the catalytic sites during catalysis. Like other eval-
uation reactions, HER also requires a high overpotential.
Therefore, it is imperative to find a suitable electrocatalyst that
considerably exploits the efficiency of the process. For this
purpose, it is recommended to develop a functionalized carbon-
based HER catalyst with highly promising properties, such as
containing abundant active sites with more controllable struc-
tural morphologies, and also having more tolerance to alkaline
and acidic conditions. Similarly, it is well known that solar
energy is a renewable source of energy. It is recommended to
integrate these HER catalysts into different solar cells for the
sustainable production of hydrogen. In addition, for an efficient
electrocatalyst, extra effort is needed to understand the reaction
rate-determining steps and reaction kinetics. For this purpose,
different in situ spectroscopic techniques are used. However,
they are still not well developed, and it needs more advances.
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