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Recent developments in transition metal-based
MOFs for electrocatalytic water splitting
emphasizing fundamental and structural aspects
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Energy scarcity and environmental pollution are major threats to the long-term viability of modern
civilization. Electrocatalytic water splitting is a crucial technology for environmentally friendly and long-
lasting energy storage and a clean way to make hydrogen. Metal-organic frameworks have become the
most capable multifunctional materials in recent years because of their enormous surface areas, tunable
permeability, simplicity in compositional alteration, and capacity to be used as predecessors for a variety
of morphological shapes. In this review, MOFs and their derivatives as an electrocatalyst for the OER are
well defined. An overview of the fundamental ideas and important evaluation criteria related to the elec-
trochemical water-splitting reaction is provided at the outset of this review. Herein, how MOF-based
materials will serve as a potential candidate with suitable synthetic methods in the near future with
respect to detailed fundamental and electronic structural outcomes has been summarized. Additionally,
this review describes the difficulties and opportunities of the MOF-based electrocatalysts for the water
splitting process. Finally, this review will pave an effective pathway for constructing a sustainable MOF
production, which will help the reader in producing sustainable and greener hydrogen technology.
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Introduction

The creation of clean, sustainable alternative energy to fossil
fuels is necessary to address global warming and the climate
problem. Hydrogen is regarded as a clean fuel due to its high
energy density (142 k] mol ') and having zero impacts on the
environment.'”” Despite this encouraging outlook, a green,
sustainable, and effective technology for producing hydrogen
on a big scale is still sorely needed. The current commercial
techniques of producing hydrogen (such as steam reforming)
depend on the use of hydrocarbons and further release an
enormous amount of greenhouse gases like CO,. As an alter-
native, electrochemical water splitting is a viable technology
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that can generate vast amounts of high purity hydrogen under
benign conditions with an only byproduct of water. The hydro-
gen evolution reaction (HER) and the oxygen evolution reaction
(OER) are the two half-reactions involved in electrochemical
water splitting.> Theoretically, the nominal breakdown vol-
tage for the splitting of water is 1.23 V, but in practical
electrolytic investigations, an overpotential (1) is needed to go
beyond the kinetic barrier and produce hydrogen at a high
adequate rate. Overpotential increases energy consumption,
which lowers the efficiency of electrochemical water splitting
and the ability to compete in terms of economy. Electrocatalysts
can increase the current density at a given voltage by
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minimizing the overpotential and catalyzing electrochemical
processes. Therefore, an effective electrocatalyst with high
catalytic performance and high static stability is mandatory
for large-scale viable hydrogen generation through the electro-
chemical method. Presently, electrocatalysts composed of
noble metals are considered as state of the art for the OER (Ir
or Ru-based catalysts) and HER (Pt-based catalysts).®® Appar-
ently, due to their high price and limited availability, these
materials are restricted for commercial applications. Thus, the
development of low-cost non-noble metal-based electrocata-
lysts for water splitting will be a crucial factor for the commer-
cialization of water electrolysis. Over the past several years,
there has been significant progress in the creation of such
electrocatalysts from earth-abundant metals.”'® Electrocata-
lysts often exhibit different kinetics for the HER and OER,
and their performance is greatly influenced by the pH
environment. Presently, the electrocatalysts which show
higher performance towards the OER in an alkaline environ-
ment will exhibit a poor performance towards the HER in the
same environment, whereas in the case of an acidic environ-
ment it would be vice versa. As a result, high-performance
bifunctional electrocatalysts that can simultaneously cata-
lyze both the HER and OER under the same environment are
highly crucial and challenging, yet they are currently lacking
in efficiency. These bifunctional electrocatalysts can signifi-
cantly reduce the costs by dramatically facilitating hydrogen
generation.'" Finding highly active electrocatalysts for the
water splitting reaction requires significant specific surface
area, tunable porosity and more charge transfer capability.
These elements are crucial for increasing electron transfer
and boosting the mass transit of reactants. Metal organic
frameworks (MOFs) are a class of nano-porous crystalline
organic framework self-assembled through the coordination
of metal ions and an organic linker. Owing to the cage-like
structure, MOFs can be employed as a potential candidate for
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numerous applications like catalysis, sensing, luminescence,
drug delivery and imaging, adsorption and separation, and
gas and energy storage.’® ® The main pros of MOFs are their
tunable pore size, tunable morphology, high specific surface
area, and flexible and tunable chemical functionalities with
different organic linkers.'”*® Besides, the poor conductivity,
low stability and micro-regime crystal size of MOFs limit
them from many viable electrocatalytic application. None-
theless, these flaws can be overcome by partial substitution
of another active metal ion into the organic network, metal
node engineering, creating defects/vacancies and designing
derivatives from the MOFs to tune the electronic and struc-
tural properties, towards the enhancement of electrocatalytic
activity.'® Also, the first scientific concept of a MOF was put
forth in 1995 by the Yaghi research group. MOF-5 is regarded
as the most well-liked framework and is said to be the first
MOF structure to introduce the idea of reticular chemistry.>®
This has inspired individuals to synthesize and engineer
many unique MOF materials using a variety of organic and
inorganic SBUs (secondary building units) like zeolite-imidazole
framework (ZIF-n), iso-reticular metal-organic framework
(IRMOF-n), Materials of Institute Lavoisier (MIL-x), University of
Oslo (UiO-n), and other series of MOFs. Scheme 1 shows a
depiction of the conceptual designing of MOFs using various
metal nodes and several organic linkers.>*

Nevertheless, a thorough analysis specifically focusing on
electrocatalytic water splitting is limited, despite the fact that
several reviews of MOF-based energy conversion materials
have been published providing a general overview of their
variety, synthetic techniques, structure, characteristics, and
prospective applications. Therefore, a timely review of the
relevant studies over the last few years is urgently needed. In
this review, we would like to give a brief overview of the most
recent developments in MOF-based electrocatalysts in terms of
their design and fabrication, characterization, and catalytic
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Scheme 1 Schematic depiction of the theoretical designs of different MOFs using various metal nodes and organic linkers. Reprinted with permission
from ref. 21. Copyright (2021) Wiley-VCH.

mechanism towards water splitting reactions. In summary, the this review will not only help readers to better comprehend the
difficulties and possibilities of using MOF-based materials for ~connections between structure, composition, and efficiency,
water splitting are highlighted. We are confident that reading but also provide fundamental guidelines for methodically
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constructing molecular electrocatalysts for energy storage and
conversion.

General oxygen evolution reaction
(OER) mechanism

Generally, water splitting is an uphill process in terms of
thermodynamics. The two main half-cell reactions of water
splitting are the OER at the anode and the HER at the cathode.
Whatever the circumstances, the variation in the free energy
change (AG) of the water splitting reaction at 25 °C and 1 atm
equals 237.2 k] mol™', which equates to the theoretically
determined cell voltage of 1.23 V vs. RHE required for water
splitting. However, both the reactions require a higher voltage
than the theoretical voltage to overcome the energy barrier to
meet a benchmarking current density. As compared to the
HER, the OER is a complex four-electron proton transfer
process and depending on the pH of the electrolytes, the
reaction pathways of producing O, usually vary. In alkaline
electrolytes, hydroxyl groups (OH ") are oxidized and converted
to H,O and O, molecules. In acidic media, two water molecules
(H,0) are oxidized generating four protons (H') and one O,
molecule. The OER can be catalyzed more readily in an acidic
medium than in an alkaline one by noble and semi-noble
metal-based catalysts (such as Ir, Ru, and their oxides). In
contrast, electrocatalysts made of active transition metals, are
more able to catalyze the OER in alkaline media. The generally
accepted reaction pathway is that the oxygen-ligand metal (M)
site of the electrocatalyst adsorbs H,O or OH through a single-
electron oxidation process, and produces an adsorbed *OH.
The *OH is subsequently oxidized to *O, and an intermediate
*OOH is created by adsorbing a second H,O molecule or OH™
ion. The formation of *OOH step is thermodynamically unfa-
vorable because of very weak interaction between ~OOH ions
and the metal surface (M), which results in a positive free
energy for the creation of *OOH species. In order to catalyze the
OER by applying lower overpotential, one or more metals in the
catalyst must be oxidized to the appropriate higher oxidation
counterparts. Finally, the breakdown of the metal oxygen (M-O)
bond is the crucial step for the OER and allows the initially
pristine M site to be reclaimed. As a result, for a high perfor-
mance OER process, the M-O bond should be moderate; i.e., it
should be neither too strong nor too weak (According to
Sabatier’s Principle). The following is a step-by-step illustration

of the OER process in alkaline and acidic environments.»*%**
In an alkaline environment,
M+OH — M-OH +e~ (1)
M-OH + OH™ — M-O + H,0 + e~ (2)
M-O + OH™ — M-OOH + e~ (3)
M-OOH + OH™ —» M + O, + H,O + e~ (4)
In an acidic environment,
H,0+M —» M-OH + H' + e~ (5)
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M-OH - M-O +H' + e~ (6)
M-O + H,0 - M-OOH + H"' + e~ (7
M-OOH - M+ 0, +H +e” (8)

where OOH*, O* and OH* represent the intermediates over the
surface of the electrocatalyst.

Parameters involved in and influencing
the electrocatalytic kinetics of the OER
and HER

Prior to discussing recent developments in the study of MOFs
and their derivatives as electrocatalysts, we will first explain the
measurement standards for the OER and HER process, which
may give an in-depth elucidation of the OER/HER process and a
uniform determination technique. As a result, it is important to
shed light on a few evaluation parameters, such as overpoten-
tial, Tafel slope, turnover frequency (TOF), specific and mass
activity, stability and faradaic efficiency (FE).***

Overpotential ()

Overpotential is one of the vital parameters for evaluating the
OER/HER performance of the specified electrocatalyst under
certain conditions. The overpotential needed to achieve an
operational current density of 10 mA cm™? is a common metric
derived from the 12.3% efficiency for the HER and OER in
photo-electrochemical water splitting. An electrocatalyst that
typically has better activity/performance should result in a
lower overpotential at particular current density. The thermo-
dynamic potentials of the HER and OER processes are 0 and
1.23 V vs. RHE, respectively.

When compared to their ideal equilibrium value, the system
in the HER and OER usually requires extra potential to over-
come the kinetic barriers and resistances in real reactions. The
extra potential required between the theoretical and experi-
mental potential is known as the overpotential ().>>>*

E=E)+ %lng—z (9)

where E is the applied potential, E, is the standard potential, R
is the ideal gas constant (8.314510 ] mol ' K '), T is the
reaction temperature in Kelvin, F is the Faraday constant
(96485.3 C mol "), n is the number of electrons transferred
during the reaction (for OER, n is 4 and for HER, n is 2), F is the
Faraday constant, and C, and Cy are the concentrations of
oxidized and reduced products, respectively. Also, the pH
dependent applied potential can be determined from the
equation,

Eeq(rur) = Eeq + 0.059 pH (10)

By converting the reversible hydrogen potential (RHE) into cell
potential, the equation can be expressed as

Eeq(RHE) = Eappl + Ey + 0.059 pH (11)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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where Egryg is the converted cell potential, E,pp, is the applied
potential, and E, is the standard potential. But no reaction will
happen at this potential because of the transit restrictions,
uncompensated resistance, and activation overpotential/kinetic
hurdles. Many different procedures have been used to modify
the potentials. So, it is necessary to generate appropriate
electrocatalysts, since the kinetic barriers are strongly related
to the intrinsic active site of materials and might be defined as
charge transfer resistance (R.). The R can be expressed as
follows:

Ry = % (At low overpotential) (12)
where R is the ideal gas constant (8.314510 J mol ' K '),
T is the reaction temperature, F is the Faraday constant
(96485 C mol ™), and i, is the exchange current density.
Besides, in the case of higher overpotential, R.. mainly depends
on the concentration of the electrolyte solution and active
surface sites of the electrodes. Upon stirring of the electrolyte
solution, the R, value will decrease during the LSV (linear
sweep voltammetry) measurement. Another factor, solution
resistance (Ry), is mainly related to the geometry of the electrode,
the electrolyte concentration and the distance between the reference
and counter electrode. This R, can be corrected as a function of iR
compensation or subtracted from the obtained current density x
solution or uncompensated resistance (Ry,) obtained from the
Nyquist plot. The equation can be expressed as follows:

Ecomp = Emeas — iRS/u (13)

where Ecomp is the iRy-corrected potential, Eneqs is the mea-
sured potential, i is the measured current density, and Ry, is
the solution or uncompensated resistance stemming from EIS
(electrochemical impedance spectroscopy).

Tafel slope (f)

One of the key studies in the assessment of electrocatalysts for
water electrolysis is the Tafel analysis. Tafel analysis of the OER
and HER processes is carried out to learn more about the
electrocatalyst’s inherent kinetics. In actual use, increasing
the current density typically needs a disproportionately high
overpotential. As a whole, the goal is to create a current density
that grows quicker by demanding a smaller overpotential. The
relation that correlates current density and overpotential at the
electrode-electrolyte interface is expressed as the Butler-Volmer
equation, as given below,

nkF nkF
I1=1 {exp (aAﬁ X Z) —exp <acﬁ X Z)} (14)

where I is the current density, I, is the exchange current density
(current at equilibrium potential), and a, and ac are the charge
transfer coefficients for the anodic and cathodic reactions, respec-
tively; n is the number of electrons transferred, F is the Faraday
constant (96485 C), R is the ideal gas constant, T is the absolute
temperature in K and # is the overpotential. Upon simplification of
the above equation, it is expressed as

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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n =a + blog(i) (15)

where a = 2.303RTlog iy/aF, b = 2.303RT/aF. From this expres-
sion, it is evident that current () is inversely and overpotential
(n) is directly proportional to .”?*** As a result of this inverse
correlation, the rate of electron transfer will be higher with
lower Tafel slope values with higher a charge transfer coeffi-
cient value at the electrode-electrolyte interface. Additionally,
the regularity of the extraction approach plays a crucial role. To
date, the Tafel plot can be obtained from LSV, EIS procedures
and static potentials from chrono-methods. The static potential
and steady state current of the EIS and chrono methods,
respectively, are the most consistent procedures for Tafel slope
determination.

Turnover over frequency (TOF)

Another crucial factor that has been utilized to assess an
electrocatalyst’s intrinsic activity at a specific overpotential is
turnover frequency. The amount of oxygen/hydrogen that is
evolved per unit of time is known as the TOF. The TOF of the
catalyst can be determined by the below expression:

JNa

TOF =
nkFt

(16)

where j stands for the current, N, for the Avogadro constant, n
for the number of electrons transferred, and t for the surface or
overall concentration of the catalyst in terms of atoms. The
obtained TOF values, which are based on the oxidation/
reduction of a redox pair, can be used to justify the intrinsic
activity of a catalyst and will not change at greater mass
loadings. The observed current density will vary depending
on the catalyst’s mass loading. So, it is essential to determine
the TOF value of a catalyst to determine the actual activity of a
catalyst. Therefore, first the surface area must be determined
from the oxidation/reduction peak in order to evaluate the
observed OER/HER activities. As such, TOF can be calculated
from the regions that are oxidized or reduced during the O,/H,
evolution.>*??

Specific and mass activity

Another essential parameter that primarily deals with the
exposure of active sites of the electrode surface is the roughness
factor or electrochemical active surface area (i.e., specific
activity) of an electrocatalyst. Before discussing electrochemi-
cally active surface area (ESCA), it is necessary to understand
that OER catalysts can function as capacitors at the film-
electrolyte interface. Therefore, a legitimate technique to deter-
mine the electrochemically active surface area is by calculating
the double-layer capacitances (Cq) of the electrocatalyst in a
non-faradaic region to eliminate the faradaic current. Since the
ECSA is proportionally related to the Cg; value,** by employing
the expression given below the ECSA can be calculated for an
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electrocatalyst:

Ca

ECSA =
Cs C.

(17)
where C; is the flat electrode surface. The number of ions that
accumulate on a catalyst surface mainly depends on the
exposed area and the applied scan rate for various electrode
materials. Additionally, when it comes to materials developed
on conducting substrates like 3D foams the surface area will be
enormous, which simultaneously increases the activity also.
Upon developing materials over 3D foam, the mass of the
catalyst loading might be higher. Therefore the ECSA normal-
ized current densities will allow for a more accurate insightful
assessment of a catalyst’s activity.* Another quantitative active
parameter used to determine the intrinsic activity of an electro-
catalyst is mass activity, which is nothing, but the current is
normalized with the catalyst loading. It is expressed in ampere
per gram (A g~ ') or milliampere per milligram (mA mg™").>

Stability

The long-term/static stability is another important criterion for
measuring the quality of electrocatalysts in addition to their
exceptional activity and selectivity. In the case of the OER and
HER, high scan rate CV cycling studies are typically used to
verify a catalyst’s stability across hundreds or even thousands of
cycles and also by the chronoamperometric or chronopotentio-
metric investigations. In the former one, the difference in
overpotential before and after CV cycles (>1000 cycles) at
benchmarking current density (10 mA cm™?) shows that the
deterioration is small, so the catalyst is thought to be stable.
Now, let’s talk about a catalyst’s stability studies while exposed
to a constant potential [chronoamperometry (CA)] or constant
current density [chronopotentiometry (CP)]. It is evaluated that
a catalyst is stable when the CA/CP curve exhibits minimal
variations for more than 12 hours (according to reports) at a
steady current density or potential. In conclusion, the catalyst
showing negligible degradation in the current density after
12 hours of chrono studies or a negligible difference in the
overpotential after 12 hours will be recognized as parameters
in evaluating the stability of a catalyst for longer-term
operation.>>®

Faradaic efficiency (FE)

Another quantitative criterion that is applied to both the HER
and OER is faradaic efficiency. It can be described as an
electrocatalyst’s efficiency, in transferring electrons from an
external circuit over an interface to an electroactive species to
cause a reaction. The detection of faradaic efficiency by electro-
chemical RRDE (rotating ring disc electrode) is a reliable
method, but limited only for the OER. The catalytic active
material is drop cast on an RRDE disc (glassy carbon (GC))
without masking or affecting the Pt ring. Following that, the
same potential window of the OER has to apply for the GC disc
by constantly maintaining the oxygen reduction reaction (ORR)
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towards the Pt ring. The potential of the ORR is different for
different electrolytes. The FE of an OER catalyst can be calcu-
lated from the below equation;

Irnp

FE (18)

- IpngNcL
where Iz and I, stands for the current at the ring and disc,
respectively, ng and np, are the numbers of electrons transferred
at the ring and disc, respectively, and N¢p, is the collection
efficiency of the RRDE. Another method of determining the FE
is the integration of the amount of O,/H, evolved from the
chronoamperometric or chronopotentiometric analysis. The
obtained results are compared with the conventional water
gas displacement method or the gas chromatography techni-
que. Hence, the FE of the catalyst being studied is calculated as
the ratio of the amount of gas determined by the theoretical
technique and a practical method. Among the above-
mentioned parameters, the overpotential, Tafel slope, TOF
and stability parameters are obligatory to examine the activity
of an electrocatalyst.>>®

Synthetic methods of MOFs

Scheme 2 illustrates the synthetic methods involved in and that
influence the synthesis of MOF-based materials. The variables
that mainly influence the MOF synthesis are time, temperature,
nature of solvent, type of metal and organic linkers used, and
the existence of oppositely charged ions and reaction kinetics
which are responsible for the nucleation and growth of crystals.
Most often, the liquid phase is used to synthesize MOFs by
combining solutions of the ligand and the metal salt. The
solvent is selected based on its level of reactivity, redox
potential, and solubility. Because the solvent plays a major role
in bringing the kinetics and thermodynamics of the reaction.

Iono-
thermal

Diffusion

Scheme 2 Methods available for the synthesis of MOF materials.
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Apart from liquid phase synthesis, solid phase synthesis is
easier and faster, but obtaining single crystals and its structure
is limited compared to liquid phase synthesis. Another method
is called a slow evaporation method, from which a perfect
crystal structure of MOFs was obtained. Besides, solvothermal,
iono-thermal, diffusion, mechanochemical, electrochemical,
sonochemical, template, surfactant-thermal, microwave-assisted,
micro-emulsion and post-synthetic methods have been employed
as alternatives for the synthesis of MOFs.

Solvo/hydro-thermal method

Synthesizing MOFs through the solvo/hydrothermal method is
considered as a ‘prestigious’ method. These reactions typically
take place in closed vessels at autogenous pressure above the
solvent’s boiling point at high temperatures between 50-
260 °C, for longer time. In some cases, like kinetically inert
ions, the temperature is hiked to promote bond formation and
assure appropriate crystallization. Moreover, the surface mor-
phology of the crystals is largely influenced by temperature, and
even prolonged reaction durations might result in the break-
down of the finished product. Crystal growth is impacted by the
cooling rate, which must be extremely slow. During solvother-
mal reaction, high-boiling organic solvents like dimethyl for-
mamide (DMF), diethyl formamide (DEF), acetonitrile, acetone,
ethanol, methanol, or mixtures of solvents can also be used to
avoid solubility issues. At the time of reaction, new ligands may
be generated inside the reaction vessel as a result of the starting
material, which undergoes unexpected chemical changes that
are not possible under milder synthetic conditions. This pro-
cess is less expensive, quicker, and produces cleaner results.*”

lono-thermal method

The iono-thermal method is a sub-class of solvo/hydrothermal
method and the name ‘iono’ denotes ionic liquids. Here, ionic
liquids are used as solvents and templates for some reactions.
Due to their low vapor pressure, high solubility for organic
molecules, high thermal stability, and non-flammability, ionic
liquids are more eco-friendly reagents than traditional organic
solvents. These advantages make them suitable reagents for the
synthesis of other kinds of materials like zeolites and chalco-
genides, as well as MOFs. Ionic liquids have received a lot of
attention recently as potential alternatives for the synthesis
of MOFs since they provide both cations and anions as
counter ions and also act as templates for some of the MOF
frameworks.*”*®

Surfactant-thermal method

Surfactants are typically organic substances that have both
hydrophilic and hydrophobic groups. While hydrophobic
groups often tend to be oil-soluble yet hydrophobic,
polar hydrophilic groups are water-soluble and oil-insoluble.
The amphiphilic property of surfactants allows them to
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self-assemble into a variety of micelles in aqueous and organic
solutions. These micelles can be used as templates or structure-
directing agents to regulate the sizes and shapes of the catalyst
material. In reality, surfactants have a variety of unique solvent
properties, such as low vapour pressure, and excellent thermal
stability. Surfactants are more affordable than ionic liquids,
making them appropriate for synthetic applications on a broad
scale. Additionally, surfactants also have multiple properties
such as being acidic, basic, neutral, cationic, and anionic.
Recently, Zhang et al. attempted and successfully used a
surfactant as a reaction solvent in synthesizing inorganic
materials that possess a crystalline nature, chalcogenides and
MOFs with unique structures.*

Diffusion method

The synthesis is usually conducted at room temperature and
does not require any external energy to carry out the reaction.
During this technique, the reagents in the solution phase are
layered on top of one another and are separated by a solvent
layer and gradually diffused by descending physical barriers.
Even in some reactions, gels are used as a medium for crystal-
lization and diffusion. The crystals which are formed at the
interface are gradually diffused to a separate layer via a pre-
cipitate solvent. In particular, this method is used for insoluble
products. For example, MOF-5 or IRMOF-1 is obtained by
diffusing Et;N into a solution of Zn(NOj;), and H,BDC (1,4-
benzenedicarboxylic acid) in DMF/chlorobenzene with a little
quantity of hydrogen peroxide to aid the synthesis of O*~
bound to the core of the SBU (secondary building unit).
Recently, apart from diffusion, our group has also reported a
Bronsted acid functionalized [Co,(u,-OH)(CO,),] that has been
synthesized by utilizing secondary building units (SBUs) and
employed as an electrocatalyst for the OER.>”%31

Slow evaporation method

Another method called slow evaporation, which is also similar
to the diffusion method, performed at room temperature and
no external energy is required. During this process, to facilitate
crystal nucleation and growth, reagent solutions are combined
and allowed to slowly evaporate, which forms a crystal when a
critical concentration is achieved. Mostly, low boiling point
solvents are used for this technique.

Mechanochemical method

A method of creating MOFs without using solvents is called
mechanochemical synthesis. The process of conducting a
chemical reaction while using mechanical force is known as
mechanochemistry. At room temperature, coordination bonds
can be created without a solvent using ball milling or by
manually grinding the reagents. Besides, one-, two-, and
three-dimensional coordination polymers could be produced
by adding a little quantity of solvent to the solid reaction
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mixture. It is an eco-friendly method, and also we can generate
materials with high purity and high efficiency in a short span of
time. This method gains more interest towards the synthesis of
MOFs, because it does not require any high temperature or
pressure like the solvo/hydrothermal method. But major flaws
are that separation of amorphous products is difficult and
getting crystals is not possible by this mechanochemical
method.”>*

Sonochemical method

Sonochemistry is a process where molecules change chemically
as a result of intense ultrasonic radiation of 20 kHz-10 MHz.
When a reaction solution is exposed to ultrasonic radiation,
bubbles are generated. These bubbles then produce local hot
spots with high temperatures and pressure in a short lifespan,
inducing chemical reactions and the rapid production of
crystallization nuclei. When compared to traditional hydrother-
mal processes, sonochemical techniques can produce homo-
geneous nucleation centers and a significant reduction in
crystallization time. For example, the synthesis of MOF-5 by a
sonochemical method in the presence of solvent, 1-methyl-2-
pyrrolidinone (NMP), yields a high-quality crystal in 30 min
with a size of 5-25 micrometers.>%3>%3

Microwave-assisted method

A method used for the rapid synthesis of MOF based materials
is the microwave-assisted method. Compared to other standard
techniques, this method has some advantages, like quick and
uniform heating, no selective surface heating, energy-saving
process, higher yield and quicker preparation time, reduced
processing cost and high purity. Even though this method
cannot end-up with crystals, the microwaves aid in the mobility
of the molecules, causing nucleation and production of crystals
with a regulated size and shape by appropriately controlling the
reaction’s concentration and temperature. For example, in
comparison to its traditional hydrothermal synthesis, the
microwave-assisted synthesis of HKUST-1 [Cu’(BTC),(H,0)s]
(BTC® = 1,3,5-benzenetricarboxylate) produced crystals with
high yield and improved their physical characteristics within
a shorter reaction time.*

Post-synthetic method

Post-synthetic modification, or PSM, is a technique that
involves adding desired functional groups to MOFs after they
have been synthesized. It essentially includes transforming the
MOFs chemically after they have been separated. Mostly, to
synthesise isostructural MOFs with various physical and
chemical properties, this technique has been used widely.
The modification of the MOFs fundamental structural compo-
nents involves the replacement of the secondary building unit
(SBU), solvent-assisted ligand exchange or solvent-assisted lin-
ker exchange (SALE) and in some cases replacement of the
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metal nodes and the non-bridging ligands are examples of post-
synthetic alteration. Also, bimetallic MOFs can be synthesised
under this post-synthetic modification by adding second metal
ions, which further increases the activity as a result of new
physical and chemical properties. Moreover, defect rich MOFs
can be produced as a result of the post-synthesis modification
process via partial replacement of metal anodes or by missing
or partially replacing organic linkers. The modified and func-
tionality engineered MOFs are effectively employed in catalysis,
gas sorption & desorption, separation and storage, and mag-
netic and luminescent applications.*°

MOFs as an electrocatalyst for the
oxygen evolution reaction (OER)

For over a decade, MOF materials have gained vast attention as
an electrocatalyst for the OER, due to their exceptional proper-
ties, like tuneable pore size, unique surface morphology, high
surface area, varied chemical compositions and fascinating
optical and physical properties.>® Despite the above features,
MOFs have poor stability in highly polar solvents, particularly
in water, which restricts them from being widely used in OER
electrocatalysis. To overcome these flaws, researchers have
employed MOF derived materials (highly robust nature) like
ZIFs (Zeolitic-Imidazole framework), University of Oslo (UiO),
and Materials of the Institute Lavoisier (MIL) as efficient
electrocatalysts for the OER.**° MOFs can be employed as
OER electrocatalysts directly, since they combine the advan-
tages of homogeneous and heterogeneous catalysts.*® However,
since the majority of MOFs are created as bulk powders, their
electrochemical response is hampered by poor electrical con-
ductivity brought about by the inherent insulating abilities of
organic ligands and by the insufficient overlapping between the
p- and d-orbitals of metal ions. Apart from those pros, blockage
of the porosity in bulk MOFs restricting the mass permeability
and the obstruction of metal sites by organic ligands are both
inevitable constraints on their OER performance. So, to over-
come these drawbacks, researchers have tried converting a bulk
structured MOF into a thin layer of MOF in a nano-regime.
These thin layered MOFs possess a way to access more number
of active sites and result in a higher OER performance. Upon
creation, thin layered MOFs have several advantages, like
facilitating excellent and quick mass transport of electrons
during the OER process, exhibiting more surface area providing
active sites for the conversion of O, molecules, and acting as
desirable reaction substrates that can easily interact with the
coordinatively unsaturated metal centres.'”*'™*

For instance, Wang and co-workers designed 2D ultrathin
NiFe-MOF nanosheets (NiFe-UMNs) using ultrasonication with
a uniform thickness of ~10 nm. In contrast to bulk NiFe-
MOFs, the ultra-sonicated NiFe-UMNSs needed an overpotential
of 260 mV to reach a 10 mA cm® current density. The NiFe-
UMNs were shown to have outstanding OER catalytic activity,
and this was ascribed to their ultrathin nature, which provides
more number of surface coordinatively unsaturated metal sites
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Fig. 1 Graphical representation of the synthetic processes of pristine NiFe-LDH and 3D hierarchically grown Co-NC@NiFe-LDH over carbon cloth.

Reprinted with permission from ref. 45. Copyright (2021) Wiley-VCH.

and also facile electron and mass transit.”’ From the DFT
calculations they found that the adsorption of OH  towards
the Ni sites requires a Gibbs free energy of 1.76 eV, but at the Fe
site 1.58 eV is required implying that Fe will be a better active
site than Ni. Combination of these two metals will greatly
reduce the energy barrier and enhance the OER activity. As
evidence, XPS analysis showed that the formation of the
bimetallic case leads to higher valence state of Ni sites, which
dramatically speeds up the electron transfer between OH™ and
NiFe-UMNs by enhancing the OER activity. Moreover, Huang
and co-workers developed a Cobalt pillar-layered MOF by mak-
ing use of a pillar ligand with a redox active backbone that can
be specifically removed and electrochemically oxidized during
the OER at pH = 13. The obtained 3D Co-MOF was subjected to
electrochemical exfoliation resulting in ultrathin 2D Co-MOF
nanosheets of thickness 2 nm. These ultrathin 2D Co-MOF
nanosheets exhibit an electrocatalytic activity with 211 mV as
the overpotential to attain a current density of 10 mA cm 2.**
The above two methods are typically expensive, and require a
long time and some solvents are toxic to the environment. For
the time being, electrodeposition is thought to be an incredibly
quick, efficient, and clean way to create LDHs. For instance,
Shen et al. reported a controllable ultrathin NiFe-LDH nanoar-
ray for effective overall water splitting, with an average thick-
ness of less than 2 nm on MOF-derived Co-NC microarrays. By
simply controlling the electrodeposition time, the Co-NC
microarrays can offer more nucleation sites, which will help
the formation of ultrathin NiFe-LDH with abundant oxygen
vacancies and coordination of unsaturated sites. The improved

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Co-NC@Ni,Fe-LDH shows the lowest cell voltage of 1.55 V to
achieve 10 mA em™? current density for total water splitting in
alkaline medium. This high performance of Co-NC@Ni,Fe-
LDH might be due to the existence of a large number of oxygen
vacancies, number of exposed active sites, reduced ion diffu-
sion distance, excellent conductivity, and potential interactions
between the Co-NC nanostructure and NiFe-LDH species, as
seen in Fig. 1. By adapting this flexible technique, a variety of
alternate Co-NC@ bimetal-LDHs nanoarrays with excellent
uniformity and thicknesses ranging from 1.5-1.9 nm can be
fabricated.*” Although, the extraction of nanosheets from the
MOF via the exfoliation method is only suitable for layered
MOFs possessing weak interlayer interaction. Apart from exfo-
liation, another method called the hydrothermal method was
also employed to prepare ultrathin 2D MOFs. Recently, Pang
et al. adopted a one-step facile hydrothermal method to synthe-
sise a 2D Co-MOF by using polyvinylpyrrolidone (PVP) as a
surface directing agent.’® They obtained a nanosheet with a
thickness of ~2 nm, which displays high activity with low onset
potential compared to the micro-regime structure in alkaline
medium. The higher OER activity of 2D Co-MOF is due to the
unsaturated Co®" centre for easy access of OH ™ reagent. Despite
these advantages, the complete removal of the organic surfac-
tant is a tedious process and even some of the surfactants will
adhere to the 2D MOF nanosheets, which partially hinders the
active areas.*”

To avoid the use of organic surfactants, Lie and co-workers
developed 2D CoFe-MOF nanosheets derived from the CoFe-
LDH with the addition of benzene dicarboxylic acid (BDC) at
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Fig. 2 (a) Schematic representation of the ligand assisted synthetic process of 2D-MOFs. (b—e) SEM and TEM images of SEM images of CoFe-LDH and
LM-160-12; (f) The graphic representation of the structural change from LDHs to 2D MOFs; (g) The local unsaturated model (green dashed circle) for the
metals on LM-160-surface 12's; (h) Four different pairs of [MOg] octahedra. Reprinted with permission from ref. 48. Copyright (2020) Royal Society of

Chemistry (RSC).

different temperatures and times in DMF medium (Fig. 2a).
These nanosheets showed an excellent electrocatalytic activity
of 274 mV overpotential to attain a benchmark current density
of 10 mA cm ™2, From the SEM (scanning electron microscope)
images Fig. 2b and c, it is observed that the hexagonal shape
with a lateral diameter of 50-500 nm is transformed to spindle-
like structure, owing to the presence of more active sites, and
an increase in the electronic conductivity and the availability of
nanosheets with a thickness of 4.84-7.39 nm after treating with
the BDC for 12 h at 160 °C. The same was evident from the HR-
TEM (high-resolution transmission electron microscope)
images from Fig. 2d-f.”® According to the ICP-MS analysis,
cobalt nucleation proceeded more quickly than iron at first,
indicating that the BDC ligand had a stronger propensity to
coordinate with cobalt in the early stages of heterogeneous
nucleation with the optimum condition (160 °C, 12 h). These

2130 | Mater. Chem. Front., 2023, 7, 2120-2152

results evidence that the parent CoFe-LDH possesses regulata-
ble release of cations for the ligand-assisted transformation.
From Fig. 2g, it can be seen that 2D bimetal layers, made of
pseudo-octahedral [CoOg] and [FeOg] complexes, were sepa-
rated along an axis by BDC ligand molecules. Hence, the
four-electron route for the OER was provided by the unsatu-
rated metal sites on the surface of LM-160-12 (green dashed
circle) (Fig. 2h). However, four sets of quasi octahedral [MOs]
were produced using various metal centres and oxygen-
containing ligands, as seen in Fig. 2i.** Recently, Shichun
et al. developed trimetallic FeCoNi 2D MOF nanosheets with
oxygen vacancies by a simple one pot hydrothermal synthesis.
The oxygen defect-rich FeCoNi-MOFs possess a high catalytic
activity with an overpotential of 254 mV to reach a 10 mA cm >
current density along with long-term/static durability for 100 h
in an alkaline medium. The DFT study revealed that d-band
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Fig. 3 (a) Self assembled BIF-91's framework coordination environment of Co(n); (b) 3D model of the BIF-91 framework; (c) effect of C~H interactions
on ndc acidic ligand stabilization; (d) BIF-91's simplified Zeolitic framework in the absence of flexible auxiliary linkers. Reprinted with permission from

ref. 51. Copyright (2019) Wiley-VCH.

centre is shifted away from the Fermi level, resulting in the
occupation of lower antibonding states with the adsorbent
(OH™), which reduces the OH™ adsorption Gibbs free energy
and makes the OER facile with low onset potential.*® Zhu and
co-workers adopted a surfactant-free strategy to synthesize
iron-cobalt MOF-74 ultrathin 2D nanosheets (FeCo-MNS) with
a thickness of 2.6 nm via the hydrothermal method by using
amorphous iron-cobalt oxide nanosheets (FeCo-ONS) as a
sacrificial template. In this method, the FeCo-ONS not only
acts as a metal donor for the MOFs but also acts as a template
for the constrained growth of MOFs into 2D structures.’® The
aforementioned examples motivate the further design of
transition-metal-based ultrathin 2D MOF nanosheets with
metal derivatives as excellent templates/precursors.

Modulating the electronic structure of
MOFs

Despite the flaws of ultrathin MOF fabrication, controllably
modifying the bulk structure of MOFs with precisely tweaking
their characteristics will beneficially improve the activity of the
OER process. For instance, Qiao et al. reported a new Co-based
red-block crystal of CoB(im),(ndc), 5 (BIF-91 = boronimidazole
framework, im = imidazolate, ndc = 2,6-naphthalenedi-
carboxylate), a rigid electrocatalyst for the OER in 1 M KOH.
The naturally occurring carboxylate species in the BIF system
provides multiple domains, which will adopt the ndc ligands as
a result of zeolite channel confinement. Also, the rigidity of the
framework is due to even distribution of 3/4-connected boron
components. In particular, the BIF-91 molecular channel por-
osity was reduced with the increase in the density of the
coordination bonds as a result of the incorporation of bridging

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

nde ligands. The incorporation of ndc ligands will keep the
crystallinity of the BIF-91 in alkaline solution, and also the
presence of the conjugated system would favour the atomic
level adsorption of Fe** and Co®" ions and further increase the
electrocatalytic activity too. The crystal structure obtained from
single-crystal X-ray diffraction is provided in Fig. 3a, where each
Co** centre adopted a CoN,O, distorted octahedral coordina-
tion geometry, which was bridged by 2 O atoms and 4 N atoms
in the B(im),  ligands. Also, the coordination site 5 and 6 is
bonded with ndc®>” and B(im),~ ligands like a 3D network
(Fig. 3b). As mentioned above, the stability of BIF-91 is
increased by the interactions of C-H-n with the ndc*~ and
B(im), ligands (Fig. 3c). Interestingly, Fig. 3d looks like an
eight-membered ring molecular sieve (~9.9 x 14.4 A) formed
by the redundant bonds of bridging ndc acid ligands.>' Another
work by Guodong et al. prepared a durable NiRu-MOF, grown
on Ni-Foam by using 2,5-thiophenedicarboxylic acid as an
organic linker via a simple hydrothermal method. In this
approach, the electronic structure of Ni-MOF is altered by
doping of Ru®' ions. The XPS analysis evidenced that after
doping of Ru towards Ni-MOF, the binding energy of Ni 2p is
shifted to 0.2 eV positively. Also, XANES (X-ray absorption near-
edge structure) analysis shows the increased photon energy in
the Ru-doped Ni-MOF compared to the bare Ni-MOF. These XPS
and XANES results confirmed the reduced local electron density
of Ni sites and which will act as electron donors. According to
DFT studies, NiRug ,s-MOF was found to have a better con-
ductivity and possess a lower adsorption energy for intermedi-
ates during the OER process and exhibited a much lower
overpotential of 187 mV to reach a current density of 10 mA cm™ %>
On the other hand, a unique strategy was adopted by Jiang
and co-workers for tuning the electronic structure of the Ni
based MOF via a simultaneous incorporation of (Fe**) metal
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Reprinted with permission from ref. 54. Copyright (2021) Wiley-VCH.

ions and counter ions (BF, ) by using Fe(BF,),:6H,O as a
source under stirring conditions. The DFT calculations suggest
that for the optimized NiFe-MOF-BF,-0.3 NSs, the electron
density near the Fermi level was increased, thus providing
higher conductivity and improving the catalytic activity.
Furthermore, AG for the formation of *OOH intermediates
(Rate determining step) is reduced to 1.45 eV after the incor-
poration of Fe** and BF, ions (M-F interaction) compared to
the NiFe-MOF NSs. Moreover, the DFT calculated overpotential
of the NiFe-MOF-BF, -0.3 NSs (0.25 V), Ni-MOF NSs (0.56 V)
and NiFe-MOF NSs (0.41 V) follows the same activity trend as
the experimental overpotential.®® To further study the

2132 | Mater. Chem. Front., 2023, 7, 2120-2152

relationship between electronic structure and catalytic activity,
Heqing et al. fabricated a series of bimetallic Ni-based metal-
organic frameworks (Ni-M-MOFs, M = Fe, Co, Cu, Mn, and Zn)
with definite morphology and active sites. In this case, the
periodic structural units contain two different Ni sites of co-
ordinately saturated metal centres (Ni¥) and unsaturated metal
centres (Ni*), seen in Fig. 4a. During the OER process, Ni*
species are typically exposed on the catalyst surface and serve as
the active sites to interact with the intermediates. By using DFT
calculation and partially substituting the Ni* with the
transition-metal atoms M (M = Fe, Co, Cu, Mn, and Zn) to the
Ni-MOF, violation of the electronic structure will be studied
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electrons between Au NRs and NiCo-MOFs upon 808 nm light irradiation
MOFs. Reprinted with permission from ref. 56. Copyright (2019) Royal Soci

(Fig. 4b). The d-band centre and projected density of states
(PDOS) in Fig. 4c and d showed that NiFe-MOF possesses a
moderate value for adsorption/desorption of oxygen-containing
intermediates O*, OH*, OOH*, and OO* during the OER
process. The d-band centre (E4) and electrons filling in the e,
orbitals exhibit a linear relationship with one another (Fig. 4e
and f), suggesting a comparable physical mechanism for reg-
ulating the OER activity. Moreover, the accuracy of the strategy
was tested by modifying the organic ligands alone with the
same metallic composition. Here also, they found the same
aforementioned activity trend of NiFe-MOF > NiCo-MOF >
NiCu-MOF > NiMnMOF > NiZn-MOF (Fig. 4g). In addition,
from Fig. 4a-g, it is seen that NiFe-MOF showed the best
catalytic activity even with various organic ligands in 1 M KOH
electrolyte.”® As mentioned, the poor electro-conductivity of
MOFs such as ZIF-67 limited their practical applications. So,
to enhance the conductivity of ZIF-67, Hou et al. decorated
HTTP (2,3,6,7,10,11-hexahydroxytriphenylene), a m-conjugated
molecule, by a simple hydrothermal method at different reac-
tion times. The decorated m-conjugated molecule HTTP will
directly accelerate and enhance the electron transfer during the
OER process. As a result, charge transfer resistance is signifi-
cantly reduced with a high catalytic activity of 238 mV at
10 mA cm 2 current density. Hence, the use of aromatic -
conjugated ring molecules will greatly help the electron transfer
and boost the OER process.”® In some cases, for accelerating the
OER process, activation of NiCo-MOF via Au nanorod plasmons
was employed. Here, plasmon generated hot charge carriers are
inserted into the NiCo-MOF network leading to considerable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

; (f) corresponding electron transfer pathways between Au NRs and NiCo-
ety of Chemistry (RSC).

increases in the valence state of active Ni species, which in
turn reduces the activation energy of the OER. The hot charge
carrier passage between Au NRs and NiCo-MOFs was directly
examined using the electrochemical technique that included
dark-field spectroscopy. The dark-field picture in Fig. 5a shows
the Au NRs as red coloured dots. In addition, due to the
difference in dielectric constant, the LSPR (Localized surface
plasmon) bands of Au NRs are negatively shifted to 668 nm
from 674 nm upon being hybridised with NiCo-MOFs (Fig. 5b).
Also, the blueshift of ~23 nm was observed after 30 min
illumination of light, which might be due to the increase in
electron cloud of Au NRs. Moreover, with EPR analysis, they
tried to find any difference in the paramagnetic signal at 3155
Gs corresponding to the Ni ion and the difference was negli-
gible. On the contrary, a significant difference in the EPR signal
was observed upon illumination of light, as seen from Fig. 5c.
The measurement of V, vs. light irradiation in Fig. 5d showed
a negative shift of 30 mV corresponding to the accumulation of
hot charge during irradiation. The plasmon enhanced OER
mechanism evidenced that the abundance of hot holes and
strong electronegativity of Au NRs allowed the electrons to
transfer from the NiCo-MOFs lowest unoccupied molecular
orbital (LUMO) to the Au NRs highest occupied molecular
orbital (HOMO) (Fig. 5e). Fig. 5f shows the two possible electron
transfer pathways from Au NRs to NiCo-MOFs under irradiation
of light at 808 nm. As a result, the activation energy of NiCo-
MOFs is reduced and enhances the OER process.’® Guo and co-
workers reported a non-destructive and selective modification
of metal sites in the MOF network via low-temperature (LT) air
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plasma.”” This approach provides highly reactive oxygen spe-
cies, such as atomic oxygen and oxygen molecules in excited
states. LT air plasma treatment produces a highly stable and
active framework of Co-Prussian analogue with deficient ferri-
cyanide units. Reactive oxygen species produced from the LT
air-plasma cause oxygen to bond to Co’s open sites, which
accelerates Co’s oxidation state to Co®*, an active site for the O,
molecules conversion with an overpotential of 330 mV. Another
interesting work by Sharath et al. reported a novel method of
designing a chemically stable squarate based bimetallic NiFe-
MOF with zbr topology as an electrocatalyst for the OER. By
simply tuning the Ni** content over the bimetallic MOF, they
have reported a series of NiFe-MOF electrocatalysts. The opti-
mized electrocatalyst Ni,Fe; Sq-zbr-MOF shows a low over-
potential of 230 mV (at 10 mA cm ™ ?) in 1 M KOH solution.®
The aforementioned works motivated the researchers to
develop/fabricate various electronically modified MOF net-
works as efficient electrocatalysts for the OER.

Self-supportive/in situ grown MOF-
electrocatalyst

As of now, a number of techniques have been employed to
modify the morphologies, chemical compositions, and electro-
nic structures of the MOF-based electrocatalysts. Despite the
outstanding performance towards the OER, most of the MOFs
are powder-based electrocatalysts. The direct use of powdered
MOFs for electrocatalytic applications is very difficult without
the use of any polymeric binders like Nafion, polyvinylidene
fluoride (PVDF) and polytetrafluoroethylene (PTFE).>*"®" Poly-
meric binders may, however, result in partial masking of the
active sites and obstruction of mass movement at the catalyst-
electrolyte interfaces.®> Therefore, it is highly desired to fabri-
cate electrodes using self-standing, binder-free MOFs. In 2020,
Zhigang et al. developed a novel MOF-derived carbon encapsu-
lated CoS, nanoarray for efficient electrocatalytic OER in alka-
line medium. When compared to CoS,@NF and other counter
catalysts, the MOF-derived NGC (N-doped graphitic carbon) not
only offers more effective active sites but also improves the
operational stability. Fig. 6a shows a schematic representation
of the synthesis of CoS,@NGC@NF. The SEM images (Fig. 6b-g)
show the morphology of nanowires, wrapped pimple-shaped
skin and wrinkle rod-like morphology of CoS,@NGC@NF. This
approach shows high catalytic activity with an overpotential of
243 mV with a lowest Tafel slope value of 71 mV dec™ . Even at
higher current density also, CoS;@NGC@NF exhibits a high
current density of 105.1 mA cm™ > with an outstanding stability
for 20 h. As the work function variation at the CoS,-C layer
interface causes an electron-poor NGC shell with a significant
decrease in the carbon Fermi level, the core-shell CoS,@NGC
hybrids vastly improve the interfacial electron transfer, low-
ering the barrier for electrons to move from adsorbed OER
intermediates to carbon active centres. Doping of p-type, like
pyridinic N in graphene carbon, benefits the reduction of the
carbon Fermi level in graphene which results in a smaller
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energy gap between the C-O o state and the carbon Fermi
levels and a reduced kinetic barrier for the OER (Fig. 6h).®* In
addition, Biradha et al. fabricated a binder free Mn-MOF as a
3D electrode via freshly synthesized tetracarboxylic acid by a
solvothermal treatment at 100 °C for 24 h. The electrochemical
studies of the OER demand a 280 mV overpotential to reach 10
mA cm > with a remarkable stability. The enhanced perfor-
mance is significantly due to the synergistic effect between the
Mn”" and Ni** from the NF substrate. The in situ growth on NF
exhibits more number of active species by preventing the
agglomeration of the active species, and on the other hand it
increases the conductivity of non-conducting electroactive spe-
cies like Mn-MOF.** Yet another interesting work, a single-
atomic Co electrocatalyst self-supported on carbon cloth (CC)
was reported by Min and co-workers. The self-supported Co-
single atomic electrocatalyst nanosheet arrays (SS-Co-SAC
NSAs) were synthesized by simple ageing of CC in a solution
containing Zn/Co metal ions and 2-methylimidazole for 2 h
followed by pyrolysis at N, atm (Fig. 7a). The nanosheet array
was clearly seen from the SEM analysis and also a sheet-like
structure was revealed from the HR-TEM analysis (Fig. 7b-d).
The atomic force microscopy (AFM) in Fig. 7e revealed that the
nanosheet (SS-Co-SAC NSAs) thickness was approximately
35 nm. Moreover, the uniform distribution of Co atoms (yellow
circle) was clearly seen in Fig. 7f and g. The XANES and EXAFS
results in Fig. 7h and i showed that a more predominant
oxidation state of Co and a strong R-space peak at 2.18 A are
responsible for the Co-Co coordination in the SS-Co-SAC NSAs
compared to the bare ZIF-67, respectively. FT-IR (Fourier-
transformed infrared spectroscopy) reveals that there is just
one strong vibration band seen at 2090 cm ', which can be
attributed to linear adsorption of CO on a single Co center for
SS-Co-SAC NSAs (Fig. 7j). The obtained SS-Co-SAC NSAs showed
348 mvV as the overpotential (110) in 0.1 M KOH solution
(Fig. 7k).®® Apart from the NF and CC, researchers are focusing
on copper foam (CF) as a substrate for electrocatalytic applica-
tions. Recently, Jian and his co-workers fabricated in situ grown
hierarchical Cu(PO4),/Cu-BDC nanosheets on a CF substrate
as a superior electrocatalyst for the OER. Initially, Cuz(PO4),
over the CF was grown by ageing with Na,HPO, for 6 h at 40 °C.
By using a solvothermal method, Cu-BDC nanosheets were
grown over the Cu;(PO4),/CF at different reaction times. The
optimized Cu;(PO4),/Cu-BDC-150-6 acts as an excellent electro-
catalyst for the conversion of H,O molecules to O, with an
overpotential of 241 mV to reach a 10 mA cm ™2 current density.
The SEM and HR-TEM images showed perfect nanosheets,
which are hierarchically grown over the CF at different reaction
times (Fig. 8a—f).°® On the other hand, in some applications like
optical and photo-electrocatalytic applications, conductive sup-
ports like indium tin oxide (ITO), transparent conductive oxides
(TCOs) and fluorine tin oxide (FTO) are used, because these
substrates are conductive, highly transparent, and easily trans-
mit the incident light. The creation of MOF thin films with
these substrates provides greater stability, compared to pow-
dered MOFs.%” As a result, a comparison table of OER perfor-
mance for MOF-based nanostructured electrocatalysts is
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Fig. 6 (a) Schematic representation of the synthetic protocol of CoS,@NGC over NF; (b and c), (d and e) and (f and g) show the SEM images of
CCHHa@NF, ZIF-67@CCHH and CoS,@NGC over NF; (h) illustrates the downshifting of the high work function of CoS, at the Fermi level and facilitates the
extraction of electrons from the O p orbitals of the adsorbed intermediates to the carbon active sites via the C-O s orbitals. Reprinted with permission

from ref. 55. Copyright (2020) Royal Society of Chemistry (RSC).

provided in Table 1. Based on the above discussed examples,
developing in situ or self-supportive electrodes is crucial for
achieving a powerful and long-lasting water splitting reaction.
The high performance of the above self-supportive/in situ
grown electrocatalyst might be due to several factors, such as
the intimate interfacial interaction between the substrate and
electrocatalyst enhancing the conductivity, which will further
facilitate the charge transfer kinetics; more accessible active
sites being generated with high surface areas of the substrates,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

which leads to a high loading and uniform distribution of
electrocatalysts with distinctive shape; the substrate integrated
in situ growth of electrocatalyst avoids the post coating of the
catalyst with organic binder by boosting the structural integrity
and durability of the material. In summary, self-supported
electrodes with in situ grown electrocatalysts can reduce inter-
facial resistance, expose more active sites, and increase robust-
ness, compared to conventional electrodes in powdery
deposition form with an external organic binder.
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Fig. 7 (a) Schematic demonstration of the synthesis of SS-Co-SAC; (b—g) show the SEM, TEM, HRTEM, AFM, and HAADF-STEM images of SS-Co-SAC
NSAs; (h and i) Co K-edge XANES and FT-EXAFS spectra of SS-Co-SAC, SS-Co-NPC, ZIF-67, and Co foil respectively; (j) in situ FT-IR CO absorption
spectra over SS-Co-SAC and SS-Co-NPC NSAs; (k) corresponding OER and ORR polarization curves. Reprinted with permission from ref. 65. Copyright
(2019) Wiley-VCH.
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Fig. 8 FESEM images of (a) CF, (b) Cus(PO4), nanosheets and (c and d) Cus(PO4),/Cu-BDC-150-6 foam; (e) represents the HR-TEM images of
Cuz(PO4),/Cu-BDC; (f) LSV polarization results of Cus(PO4),/Cu-BDC foams and commercial RuO,. Reprinted with permission from ref. 66. Copyright
(2019) Elsevier.
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Table 1 A comparison of the OER performance for MOF-based nanostructures as electrocatalysts

S. No. Electrocatalyst Substrate Overpotential (mV) Current density Tafel slope (mV dec™*) Electrolyte Ref.
1 Co-NC@N;,Fe-LDH cC 233 10 mA cm 2 49.1 1 M KOH 45
2 Ultrathin Co-MOF GCE 263 10 mA cm ™2 74 1 M KOH 46
3 LM-160-12 GCE 274 10 mA cm 2 46.7 1 M KOH 48
4 FeCoNi-MOFs GCE 254 10 mA cm™? 21.4 1 M KOH 49
5 FeCo-MNS-1.0 Pt-foil 298 10 mA cm ™2 21.6 1 M KOH 50
6 Fe@BIF-91 GCE 350 10 mA cm ™2 71 1M KOH 51
7 NiRug os-MOF NF 187 10 mA cm 2 40 1 M KOH 52
8 NiFe-MOF-BF4-0.3 GCE 237 10 mA cm ™2 41 1 M KOH 53
9 NiFe-MOF CFC 215 10 mA cm 2 49.1 1 M KOH 54
10 HHTP®@ZIF-67 GCE 238 10 mA cm ™2 104 1 M KOH 55
11 AuNRs/NiCo-MOF GCE 240 10 mA cm > 69 1 M KOH 56
12 Co-PBA-plasma-2h NF 330 10 mA cm 2 53 1 M KOH 57
13 MAF-X27-OH(Cu)-3 GCE 292 10 mA cm ™2 — 1 M KOH 59
14 CoFe-MOF-OH GCE 265 10 mA cm 44 1 M KOH 60
15 Co0S,@NGC@NF NF 243 10 mA cm 2 71 1 M KOH 63
16 Mn-MOF NF 280 20 mA cm ™2 31.3 0.1 M KOH 64
17 SS-Co-SAC NSAs cC 348 10 mA cm > — 0.1MKOH 65
18 Cu;(PO4),/Cu-BDC-150-6  CF 241 10 mA cm 2 76 1 M KOH 66
19 Co-MOF-5 CC 240 10 mA cm ™2 120 1 M KOH 68

Where, GCE-glassy carbon electrode; CFC-carbon fiber cloth; NF-nickel foam; CC-carbon cloth; CF-copper foam.

MOF-based derivatives as
electrocatalysts for the OER

Generally, MOFs used as electrocatalysts have limitations like
chemical stability and electro conductivity. To overcome these
issues, MOF-derived materials are employed as electrocatalysts,
which exhibit better catalytic activity towards the OER.>* The
primary divisions of MOF derivatives are metal/metal oxide-
MOF hybrids, transition metal adorned porous carbons, metal
oxides, nitrides, phosphides, sulfides and selenides generated
from MOFs. Most of these derivatives often exhibit significant
surface area and porosity by replicating the initial shape of
their progenitors.

Metal/metal oxide-MOF hybrids

Owing to the poor electrical conductivity of pristine MOFs, high
catalytic efficiency towards OER performance was not achiev-
able. These flaws can be overcome by the functionalization of
pristine MOFs with metal/metal oxide nanoparticles.®®”" The
functionalization of MOFs will possess suitable adsorption
energies for adsorbed oxygen (O,qs), opening the door for
high-performance OER electrocatalysts via a synergistic effect
and interfacial interaction between the MOF and metal/metal
oxide nanoparticles. Subsequently, Xiao et al. reported Coz0,/
Co-Fe oxide double-shelled nanoboxes (NBs) synthesised via an
anion exchange reaction between ZIF-67 nanocubes (NCs) and
[Fe(CN)6]*~ ions (Fig. 9a). From the SEM and HR-TEM results,
double shelled nanoboxes of Co;0,/Co-Fe oxide (DSNBs) are
seen in Fig. 9b-g. The Coz;0,/Co-Fe oxide DSNBs delivered
high catalytic activity with a lower over potential of 297 mV to
reach 10 mA cm™? (Fig. 9h). In this strategy, the doubled
shelled nanoboxes not only provide large exposed active sites
but also enhance the interface area between the electrode-
electrolyte interfaces towards the high performance OER.”>

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Another strategy called the partial pyrolysis technique creates
highly active nanoparticles while maintaining the MOF’s frame-
work structure for efficient substrate transport. Through the
use of a partial pyrolysis technique and NiCoFe-MOF-74 as a
semi-MOF precursor, Li et al. created sturdy NiCo/Fe;0, hetero-
molecules enclosed with MOF-74 (NiCo/Fe;0,/MOF-74). The
results of ETEM (environmental transmission electron micro-
scope) under N, atm evidence the partial pyrolysis behavior of
NiCoFe-MOF-74. The NiCoFe-MOF-74 and various temperature
pyrolyzed MOF-74 at different time intervals delivered a distinct
catalytic activity towards the OER process. DFT studies also
evidenced that after formation of the heterostructure the free
energy for adsorption of OH™ is reduced compared to the
pristine MOF-74.”% Apart from the modification through metal
oxides, recently, Cheng et al. reported a modification of the
electronic structure of Co-MOF through inter-doping of plati-
num group-element ruthenium (Ru) over the CC. The formed
Ru-Co MOF nanosheets are transformed into a unique hollow
nanosheet of (Ru-Co)O, by annealing at 300 °C. The results of
SEM analysis evidence the hollow structure of (Ru-Co)O,. The
positive shifting (0.74 eV) of binding energy observed from XPS
indicates the alteration of the electronic structure after the ion-
exchange process of Ru®* ions with Co ions. This positive
shifting displays the electron deficient Co ions, which will
moderately adsorb the OH™ ions and facilitate the OER process
with out-standing activity of 171.2 mV overpotential at 10 mA
cm 2% Also, recently from our group, Co-BTC derived Co-
RuO, nanorods were reported through the same ion-exchange
process and employed as pH-universal OER electrocatalysts. In
this study, after doping of Ru®**, we observed a change in the
electronic configuration of Co 2p via XPS analysis. The change
in electronic structure makes Co electron deficient, which
further serves as an active site for the OH  adsorption.”®
Furthermore, the above discussion evidences that the fabrica-
tion of a heterogeneous nanointerface has recently been recog-
nized as an effective method for influencing the valence
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Fig. 9 (a) Schematic representation of the formation process of Co304/Co—Fe oxide DSNBs; (b and c) and (d—f) show the FE-SEM and HR-TEM images
of Co304/Co-Fe oxide DSNBs, respectively; (g) corresponding HAADF elemental mapping results; (h) LSV outcomes of Coz0,4/Co—Fe oxide DSNBs,
Co-Fe oxide SSNBs, and Co30O4 SSNBs. Reprinted with permission from ref. 72. Copyright (2018) Wiley-VCH.

electron state of active sites and exerting an interfacial synergy
effect, towards the enhancement of the OER process.

Metal—carbon materials derived from
MOFs

Due to the unique structural properties, MOF derived porous
carbons and metal/metal oxide porous carbon materials are
synthesized by annealing/pyrolysis at high temperature in a H,/
N,/Ar atmosphere. During the annealing/pyrolysis process, the
composition of the pristine MOF is completely decomposed,
which convert the metal ions into metal/metal oxide which is
embedded in the porous carbon matrix created from the
organic ligands. The MOF derived carbon materials have
gained more interest in water splitting applications, due to
possessing several advantages compared to the pristine MOFs,
like high porosity; high surface area; conductivity being greatly
enhanced by high conductive nano-carbons; providing more
active sites; due to customizable compositions of MOFs, a range
of heteroatoms, including B, N, P, and S, are doped into the
porous carbons; and different morphologies could be
achievable.”® For instance, Thangjam and co-workers reported
a freestanding, defect-rich Fe-Co-O/Co metal@N-doped carbon
(Co@NC) mesoporous nanosheet (mNS) heterostructure on Ni
foam through annealing for 800 °C under Ar atm followed by
in situ oxidation via CV cycling (Fig. 10a). The FE-SEM analysis
shows the reconstruction of nanospikes (Fe-Co-O/Co@NC/NF)
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to nanosheets (Fe-Co-O/Co@NC-mNS/NF) after in situ electro-
chemical oxidation of Co species (Fig. 10b-e). The XPS analysis
discloses that the presence of Fe*" greatly activates the COOOH
species generated through in situ oxidation and exhibited a
high performance towards the OER with 257 mV as the over-
potential (Fig. 10f).”” Instantly, Hao et al. fabricated a hierarch-
ical architecture of Ni/C nanosheets by in situ growth on Ni
foam (NF@Ni/C). In this study, they directly grew Ni-MOFs over
the NF with prior oxidation, followed by calcination for 2 h at
different temperatures (400-700 °C). The optimized catalyst
NF@Ni/C-600 showed the best catalytic activity with a lower
overpotential of 265 mV to reach a 50 mA cm ™2 current density.
The higher catalytic activity of the OER is due to the encapsula-
tion of Ni nanoparticles in an oxide shell over the graphitic
carbon as evident from the ex situ XRD and XPS analysis.”®
Moreover, 3D (dimensional) N-doped carbon nanotubes
derived from Co-MOF over the NF (Co-NCNTFs//NF) were
developed by Yuan and his co-workers via solvothermal treat-
ment followed by pyrolyzing at 600 °C with dicyandiamide
(DCDA) powder. Like in the above discussion, the presence of
metallic nanoparticles which are encapsulated/embedded in
the shells of carbon will manifest the electronic interaction of
CNTs. But this work explains that the use of DCDA will serve as
an N-source, which will further induce the electronic modifica-
tion between the metal nanoparticles and CNTs, thus providing
more active sites for the facile OER process.”” Han et al.
developed a bimetallic NiCo-MOF derived porous microrod
array (NiCo@NiCoO,/C PMRAs) as a core@shell through a
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Fig. 10 (a) Schematic diagram denoting the in situ electrochemical transformation of Fe—Co-0O/Co@NC to the in situ oxidized mesoporous nanosheet

(mNS) structures on the NF with the possible mechanism; (b and c) and (d and e) show the FE-SEM images of Fe—Co-O/Co@NC/NF and in situ oxidized
Fe—Co—-0O/Co@NC-mNS/NF; (f) corresponding LSV polarization results of Fe—Co-O/Co@NC-mNS/NF, Fe—Co-O/Co@NC/NF, Fe,Cos_,O4/NF with
RuO,/NF and bare Ni foam. Reprinted with permission from ref. 77. Copyright (2021) Wiley-VCH.

reductive carbonization followed by subsequent oxidative cal-
cination. Subsequently, the authors found that the presence of
oxygen vacancies literally hikes the conductivity of NiCoO, and
also enhances the charge transfer kinetics for the effective OER
in alkaline solution. The optimized NiCo@NiCoO,/C PMRAs
requires a lower overpotential of 366 mV at 20 mA cm™ > current
density.’® An interesting work by Lianzhou and co-workers
reported a unique interfacial interaction between the Ni-MOF
and graphene creating a freestanding 3D CNT/reduced gra-
phene oxide (rGO) heterostructure film (Ni@N-HCGHF).
According to this strategy, the CGHF is created by integrating
2D rGO sheets with a Ni-MOF-derived CNT microsphere super-
structure with high surface area, porosity, controlled dopants,
defect structure and enhancement in the conductivity. These
factors influence the electron transfer pathway between the
electrode/electrolyte ions, resulting in high performance of the
OER. Fig. 11a illustrates the controllable synthetic process of
Ni@N-HCGHF. The SEM and TEM results confirm the hollow
microspheric nature of the Ni-MOF-derived N-doped carbon
nanotubes (Fig. 11b). Also, high resolution TEM (Fig. 11c-e)
further evidences the encapsulation of Ni nanoparticles respon-
sible for the higher catalytic activity to the N-doped carbon
nanotube. The XANES and EXAFS analyses showed peaks
around 2.11 A corresponding to the coordination of Ni-Ni,
confirming the metallic state of Ni (Ni®) in Ni@N-HCGHF and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

assuring the formation of Ni NPs (Fig. 11f and g). Furthermore,
the EXAFS fitting (Fig. 11h) shows an R-factor value at 1.92 A,
corresponding to coordination of 3 N atoms with Ni in Ni@N-
HCGHEF. The free energy calculations from the DFT study also
evidence the higher activity of Ni@N-HCGHF with an over-
potential of 260 mV to reach 10 mA ecm 2 (Fig. 11i and j).
Hence, the presence of N atoms in Ni@N-HCGHF further leads
to partial adjustment of the electronic structure, creation of
defective sites and further enhancement in conductivity, result-
ing in higher activity of the OER.*" The above studies have
motivated researchers to fabricate MOF derived carbon compo-
sites with various morphologies and functionalities.

Metal nitrides/phosphides/sulfides/
selenides derived from MOFs

MOFs can also be employed as a template for the synthesis of
complicated nanostructured metal sulphides, selenides,
nitrides and phosphides. Most of the first-row transition metals
are developed as nanostructured metal sulphides, selenides,
nitrides and phosphides as high performance electrocatalysts
for water splitting reaction.®*”®> Regarding the OER, the cata-
Iytic cycle often involves the nucleophilic attack of reagents
(H,O or OH™) towards the high-valent metal-oxo intermediates.
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Fig. 11 (a) Schematic representation of Ni@N-HCGHF; (b) SEM and TEM images of N-doped MOF-derived carbon nanotube hollow microspheres;
(b) FE-SEM images; (c—e) HR-TEM images of Ni@N-HCGHF; (f and g) Ni-K edge XANES spectra and FT-EXAFS of Ni@N-HCGHF, Ni foil, and NiO;
(h) EXAFS fitting curves of Ni@N-HCGHF; (i) LSV outcomes of Ni@N-HCGHF, Ni@N-CGHF, Ni@QHCGHF and RuO;; (j) calculated Gibbs free energy
diagram of the OER intermediates of Ni@N-HCGHF. Reprinted with permission from ref. 81. Copyright (2020) Wiley-VCH.

Due to strong electronegativity of the above heteroatoms
attached to the metal centres, it is anticipated that the repul-
sion between the heteroatom’s 3p orbital and oxygen’s 2p
orbital will prevent adhering of OH™ ions. Nevertheless, the
production of OOH* from OH* may be aided by the delocaliza-
tion of electrons from the adsorbed oxygen, metal centres, and
electronegative heteroatoms. Therefore, the repulsion of the 3p-
2p site speeds up the oxidation of the OOH* intermediate.”®®®
Therefore, MOF derived metal sulphides, selenides, nitrides
and phosphides will be another potential approach for deliver-
ing exceptional OER activity.

MOF-derived metal selenides

In recent decades, selenide-based catalysts have been consid-
ered as a potential candidate for the OER process, because of
the perfect electronic band structure and easily accessible
valence and conduction edges.'’ According to Jahangir et al.
the higher covalent percentage of M-X bond promotes the
water oxidation reaction at the transition metal site, which is

2140 | Mater. Chem. Front., 2023, 7, 2120-2152

properly aligned at the valence and conduction band sites.®?” As
previously stated, the electrocatalyst for the OER is preferred to
have near-unity occupancy in the e, orbital of the transition
metal cation. For example, Chundong et al. developed a con-
ductive (Co,Ni)Se,@NiFe LDH with the 3d orbital of Co posses-
sing low spin t%, e', configuration with near unity for an
effective OER process. In this work, they hierarchically devel-
oped a (Co,Ni)Se,@NiFe LDH as hollow nanocages derived
from the ZIF-67 precursor. Furthermore, they proposed a Ni-
0-Co-O-Fe-O-Ni model to understand the synergism between
the Ni, Co and Fe ions at the interface. This model displays that
through the O-bridge, the electrons are transferred from Ni** to
Co*" and also simultaneously transfer to low spin Fe*" sites.
This redistribution of electrons among the metal sites will
increase the electrocatalytic activity of (Co,Ni)Se,@NiFe LDH
compared to the pristine materials.®® Another study by Fang
and co-workers reported a heterostructured bimetallic CoSe,/
ZnSe derived from the CoZn-MOF precursor as an electrocata-
lyst for the oxidation of water. It is suggested that higher
activity is due to the effective electronic alignment as well as

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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a phase-boundary effect between hexagonal ZnSe and cubic
CoSe, (Fig. 12a-e). The use of a MOF precursor will facilitate the
optimal interface between the two phases obtained from the
transformation. Also, the electron transfer from the CoSe, to
ZnSe via the interface leads to redistribution of electrons over
the metal sites, which helps the adsorption of OH™ ions
(Fig. 12f). Furthermore, EXAFS analysis implies that higher
activity is due to the Jahn-Teller distortion in CoSe, (Co>",
t% €'y) and heterogeneous spin states coexist in the phase
boundary, but there is no Jahn-Teller distortion in ZnSe (zZn**,
3d'%). Hence, the higher activity is obtained from the extended
phase boundary and the lattice distortion of bimetallic CoZn-
selenides.®® Another study also by Wenjiao et al. reported
bimetallic MOF-derived hollow (Ni,Co)Se, arrays over CC as
an efficient electrocatalyst for the OER. Firstly, triangle-like
MOFs are grown over the CC, and then incorporation of Ni was
done by ion exchange and etching in the presence of Ni(NO3),.
Then the formed intermediate is subjected to selenization

View Article Online
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through a solvothermal treatment at 140 °C for 10 h. The
resulting (Ni,Co)Se, electrode demonstrates good electroche-
mical activity and stability by making use of the structural,
compositional, and self-supporting characteristics. The sele-
nized NiCo exhibits a low onset overpotential of 226 mV to
reach a benchmarking current density. Due to the hollow
nature of NiCoSe,, the reagent OH~ will easily interact with
active sites present inside the hollow structure.’® A multiphase
bimetallic NiFe selenide derived from NiFe PBAs as MOF
precursors over carbon fiber paper (NiFe-Se/CFP) as an efficient
electrocatalyst for water oxidation reaction was reported by Guo
and co-workers. They followed a two-step electrodeposition for the
synthesis of NiFe-PBAs over the CC, followed by subsequent
selenization via post-thermal pyrolysis at 450 °C for 30 min
(Fig. 12g). The resultant selenized NiFe over the CC displays two
mixed phases of NiSe, and Fe,NiSe, structures. The Fe,NiSe,
phase possesses higher catalytic activity with a low onset over-
potential of 281 mV (Fig. 12h) in 1 M KOH solution. The XPS
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Fig. 12 (a) Schematic diagram of the phase boundary effect in CoZn-Se; (b) HR-TEM image showing the boundary between CoSe and ZnSe; (c and d)
k>-weighted K-edge EXAFS signals of Zn and Co for ZnSe and CoZn-Se, respectively; (e) LSV curves of CoZn-Se, CoSe, ZnSe and RuOy; (f) charge density
profile at the phase boundary between CoSe and ZnSe; (g) schematic illustration of NiFe-Se/CFP synthesis; (h) LSV polarization results of NiFe—Se, FeSe,
and NiFe PBA over CFP. Reprinted with permission from ref. 90. Copyright (2021) American Chemical Society (ACS).
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analysis results in the formation of y-NiOOH phase in the NiFeSe,
a significant active phase for the high performance of the OER.”*

MOF-derived metal sulfides

The MOF-derived transition metal-based sulfides have also
garnered considerable interest due to their similar physico-
chemical characteristics to selenides. In recent years, numer-
ous studies have been reported on adjusting the stoichiometry
of sulfides to enhance their capabilities in water splitting.
However, there is a lot of room for improvement in the catalytic
activity by manipulating the morphology, structure, and com-
position of these materials.>®* Li and his colleagues developed
in situ grown [Niz(OH),(1,4-BDC),-(H,0),]-2H,0 2D nanosheet

[
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arrays on NF, followed by decoration of sulfide via partial
sulfurization treatment in presence of thioacetamide. A hier-
archical framework that was created in situ may support mass
transit and also strengthen the structural integrity, resulting in
effective and consistent OER performance.’® Similarly, another
group introduced Fe*" ions into the Ni-MOFs to prepare ultra-
thin nanosheet of NiFe-MOFs over NF, as seen in Fig. 13a. Like
the previous discussion, partial sulfurization treatment was
employed to obtain a NiFe-MS/MOF@NF. The XRD spectrum
confirms the formation of the MIL-53 type MOF and Ni;S, with
a heazlewoodite-structure. The enhancement in OER activity is
attributed to the infused sulfides in the ultrathin nanosheets,
which greatly increase the surface area and conductivity. In
addition, the electronic structure is modified to an electron rich
site, which facilitates the adsorption of oxygen intermediates.
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s00] —— RUO,@NF
——NiFe-MOF@NF
(Fe)-Ni,S,@NF
NiFe-MS/MOF@NF

Current density (mA cm?) e
¢

12 13 14 15 16
Potential (V vs. RHE)

Intensity (a.u)

o

Intensity (a.u)

NiFe-MS/MOF@NF

“NiFe-MS/MOF@NF
855 860 865 870 875 880
Binding energy (eV)

706 710 715 720 725 730
Bingding energy (eV)

Fig. 13 (a) Schematic illustration of NiFe-MS/MOF@NF synthesis; (b) SEM images of NiFe-MS/MOF@NF; (c) corresponding LSV polarization results;
(d and e) XPS analysis of Ni and Fe 2p orbitals of NiFe-MS/MOF@NF. Reprinted with permission from ref. 94. Copyright (2020) Wiley-VCH.
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The higher activity and modulation of the electronic structure
of NiFe-MS/MOF@NF was evident from the FE-SEM and XPS
analysis seen in Fig. 13b-e.”* In another example, by employing
SO,>~ as an S source, Renzhi et al. prepared Ni-Ni;S,@carbon
nanoplates under Ar atm. The 2D Ni-MOF nanoplates were
fabricated by coordination between 4,4'-bipyridine and NiSO,
with pyridine as a freestanding precursor for N-doped Ni-
Ni;S,@carbon nanoplates. The added pyridine effectively inhi-
bits the thickness of the unique core-shell structure, which is
responsible for the higher OER performance.’® Recent reports
on coupling OER and HER active materials are considered as a
rational strategy for high performance OER electrocatalysts. For
instance, through a simple solvothermal reaction with thioace-
tamide as an S source, Yun et al. transformed solid ZIF-67
nanoarrays into hollow CoS, (H-CoS,) nanoarrays, as seen in

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Fig. 14a. By adopting electrodeposition method, they deposited
a NiFe-LDH nanosheet hierarchically over the nanoarrays of
CoS, to form hollow structured nanoarrays (H-CoS,@NiFe
LDH). The TEM and SEM images in Fig. 14b-d clearly display
the lamellar NiFe-LDH and hollow structure of H-CoS,@NiFe
LDH. The presence of lamellar NiFe-LDH enhances the specific
active surface sites, evident from the double layered capaci-
tance (Cq) of H-CoS,@NiFe LDH from Fig. 14e. As a result, the
existence of more surface-active site leads to lesser overpoten-
tial of 250 mV at 10 mA cm 2 current density (Fig. 14f).°®

MOF-derived metal phosphides

Metal phosphides have evolved as a novel class of improved
catalysts for electrochemical water splitting. Despite the high
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performance of metal phosphides, the performance of mono-
metallic phosphides is still constrained. So, incorporation,
doping or creating a heterointerface between metal and metal
phosphide components is a fruitful strategy to enhance the
electrochemical activity. For instance, 1D interfaced Coz;0,/
Fe(.33C00.66P nanowires were fabricated by Xiaoyan et al. via
partial chemical etching of Co(COs3)o.5(OH)o11H,O (Co-CHH)
with [Fe(CN)6]*~ followed by phosphorization treatment. The
studied interface (IF) model evidenced that the interface is rich
in electron-holes suggesting the empty state of the LUMO near
the Fermi level. The d-band centre study shows the downshifts
in the d-orbital of the Co-3d band and the intermediate Fe-3d
band will simultaneously regulate the electronic structure. The
P-3p band near the Fermi level will reduce the binding ability
among P and O sites and facilitate the OER. The resulting nano-
wired interface Coz04/Fe 33C0¢ 66P exhibits a very high activity
with a low overpotential of 215 mV to get a 50 mA cm™ > current
density with long-term static stability for 150 h.®” Furthermore,
to enhance the material stability and performance, doping of
noble metals like Ru will be a promising strategy. For example,
Chen et al. constructed a bimetallic 3D flower like NiCoP with
Ru doping over the conductive NF derived from the Co-ZIF.

2144 | Mater. Chem. Front., 2023, 7, 2120-2152

This yields a better electrocatalytic activity towards the OER
with an overpotential of 216 mV at 20 mA cm ™ > current density
in 1 M KOH solution. As a result, the introduction of Ru
enhances the higher electron kinetics, the morphology offers
easy accessing of more active sites by electrolyte solution and
the cohesive force between the in situ grown catalyst and the
substrate.’® Moreover, Lin and co-workers designed a hierarchi-
cally grown spongy nanosheet over NF composed of carbon
encapsulated Ni,P nanoparticles followed by controlled phos-
phorization, as seen in Fig. 15a. The series of metal doping, like
Fe, Cr and Mn, made the Ni-P nanosheets into a more clear
nano-spongy structure evident from Fig. 15b-e. Upon insertion
of secondary metal ions, in addition to morphology change,
electronic structure also modulated the results in the adsorp-
tion strength of the OH™ and their intermediate ions. Among
the doped metal ions, Mn doped Ni-P provided better catalytic
activity than the Fe, Cr doped Ni-P with a low overpotential of
190 and 245 mV at 10 and 50 mA cm > current density,
respectively. The adsorption Gibbs free energy profile from
the DFT analysis evident from Fig. 15f and g suggested that
Mn-doped Ni-P possesses a lower adsorption energy of 1.41 eV
for the conversion of OH* to O*.°° Moreover, trimetallic

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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MOF-derived phosphides also provide a prominent active site
for adsorption of OH™ ions. For example, Ghising et al. pre-
pared a trimetallic Ni-Fe-Mn-P, co-doped with N and C grown
in situ on NF for efficient OER. The N and C are encapsulated
with the hybrid carbon shell derived from the trimetallic MOF
ultrathin nanosheet. The co-doped N,C trimetallic Ni-Fe-Mn-P
(Ni-Fe-Mn-P/NC@NF) demands a low overpotential of 274 mV
at 30 mA cm > current density with 56.8 mV dec ' as the Tafel
slope value and suggesting faster electron kinetics than the
pristine materials. Besides, the porous nature and large specific
area, presence of unsaturated active metal ions and electron rich
N and P facilitate the adsorption of reagents for the OER."*

MOF-derived metal nitrides

Among the metal derivatives like sulfides, selenides, phos-
phides and nitrides, the later one is gaining more attention
in recent times possibly due to exceptional electronic struc-
tures, high electrical conductivity and long-term durability in a
wide range of pHs. In particular, the d-band density of the
metal atoms is altered by the negatively charged nitrogen atoms
which will be helpful for the catalytic applications.'®" According
to the literature, compared to monometallic nitrides, bimetallic
nitrides will enhance the electrocatalytic performance by redu-
cing the kinetic energy barrier. The electronic structure and
electron density of the bimetallic material can be efficiently

a Nitridation
in NH;gas
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changed by the addition of a second metal, which will enhance
the free energy of reagent adsorption. For example, Fu’s
research group designed a hollow Co-Mo,N hybrid through a
‘MOF plus MOF’ strategy. In this approach, 1 D Mo-MOFs were
first grown like a rod and using ZIF-67, Co-MOFs were fabri-
cated over the rod like 1D Mo-MOFs and the resultant MoCo-
MOFs were converted to the corresponding nitride via pyrolysis
under an NH; environment. The combination of two MOFs will
provide a flexible synergistic contact between the inner Mo,N
and outer Co layer leading to a synergistic increase in OER
performance with an overpotential of 302 mV (without iR
correction) to meet 10 mA cm™2."%> Recently, the introduction
of carbonaceous materials towards transition metal nitrides
will greatly increase the performance of water splitting. For
instance, Yoon and co-workers developed a mesoporous Co;N/
amorphous N-doped carbon nanocube (ANC-NCs) which is
grown in situ over the 3D NF derived from the Prussian blue
analogue (PBA) and followed by a subsequent nitridation/
calcination process, as seen from Fig. 16a. The resultant
catalyst exhibited a high performance towards the OER with
an overpotential of 280 mV at 10 mA cm™> current density as
shown in Fig. 16f. The high performance of the optimized
Co;N@AN-C is due to the presence of a large specific surface
area provided by the distinctive mesoporous structure with
attached particles, influenced by the in situ growth of an AN-
C over CozN nanoparticles as observed in FE-SEM and
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CosN@AN-C NCs; (d and e) TEM and HR-TEM images of CosN@AN-C NCs (inset image is FFT patterns); (f) IR corrected LSV polarization curves of
CosN@AN-C NCs, Co-N@N-C, and CozO4 NCs. Reprinted with permission from ref. 103. Copyright (2019) Springer.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Mater. Chem. Front., 2023, 7, 2120-2152 | 2145


https://doi.org/10.1039/d3qm00089c

Published on 21 February 2023. Downloaded on 2/28/2026 8:55:50 AM.

Materials Chemistry Frontiers

View Article Online

Review

Table 2 A comparison of the OER performance of MOF-derived nanostructures as electrocatalysts

S.No.  Electrocatalyst Substrate Overpotential (mV)  Current density ~ Tafel slope (mV dec™')  Electrolyte  Ref.
1 (Ru-C0)0,-350 GCE 265 10 mA cm 2 60 1M KOH 69
2 Ru-NiFe-MOF NF 310 100 mA cm 2 42.7 1 M KOH 70
3 ZnCo-Fe-20 GCE 176 10 mA em > 69.3 1MKOH 71
4 C0,;0,/Co-Fe oxide DSNBs  GCE 297 10 mA cm 2 61 1 M KOH 72
5 NiCo/Fe;0,/MOF-74 GCE 238 10 mA cm 2 29 1 M KOH 73
6 (Ru-Co)O, cC 171 10 mA cm > 60 1 M KOH 74
7 Co-RuO, oo 238 10 mA cm > 48 1MKOH 75
8 Fe-Co-O/Co@NC-mNS NF 257 10 mA cm™> 41.5 1 M KOH 77
9 NF@Ni/C-600 NF 265 10 mA cm ™2 54 1 M KOH 78
10 Ni@N-HCGHF GCE 260 10 mA cm 2 63 1M KOH 81
11 (Co,Ni)Se,@NiFe LDH GCE 277 10 mA cm 2 75 1 M KOH 88
12 CoSe,/ZnSe GCE 320 10 mA cm > 66 1M KOH 89
13 NiFe-Se CFP 281 10 mA cm > 40.9 1 M KOH 91
14 Ni-BDC@NiS NF 330 20 mA cm 2 62 1 M KOH 93
15 NiFe-MS/MOF NF 230 50 mA cm > 32 1M KOH 94
16 H-CoS,@NiFe LDH NF 250 10 mA cm 2 49 1 M KOH 96
17 Ru-NiCoP NF 216 20 mA cm 2 84.5 1 M KOH 98
18 NiMn-P NF 190 10 mA cm > 38 1 M KOH 99
19 Co-Mo,N RDE 346 10 mA cm 2 90 1 M KOH 102
20 Co3N®@AN-C NCs (2 h) CP 280 10 mA cm > 69.6 1 M KOH 103
21 CoNi(1:1)-MOF Copper foils 265 10 mA cm 2 56 1 M KOH 105

GCE-glassy carbon electrode; CFP-carbon fiber paper; NF-nickel foam; CC-carbon cloth; RDE-rotating disk electrode; CP-carbon paper.

HR-TEM images from Fig. 16b-e.'®® On the other hand, Zhang
et al. adopted an interfacial scaffolding strategy, to construct
hierarchical CoFe-PBA@Co(OH),/NF cubic nanosheets, later
transformed into the respective nitride via pyrolysis under an
NH; atmosphere. After pyrolysis the nanosheets are well-
retained, which significantly increases the OER performance
with an overpotential of 270 mV to reach a current density of
20 mA cm ™ and exhibits an outstanding durability for 1200 h.
This versatile approach offers a methodology for the logical
design of PBA-based functional nanomaterials, which holds
great promise in electrocatalytic applications.'®® In another
work by Liu et al, the 2D CoNi-MOF as a nanoplate was
developed over a copper foam (CF) substrate. With further
annealing under an NH; atmosphere, the pristine CoNi-MOF
is converted to CoNiN nanoplate arrays on an amorphous
carbon network. This metallic nitride array on an amorphous
carbon network yields a higher activity with an overpotential of
265 mV at 10 mA cm™ 2 in alkaline medium.'® In summary, a
comparison table of OER performance for MOF derived nano-
structures as electrocatalysts is provided in Table 2.

Effect of the morphology of
MOF-based materials towards
OER performance

Generally it is well known that, apart from chemical composi-
tion, morphology and micro-sized electrocatalysts play a
crucial role in their physico-chemical properties. The logical
engineering and designing of the morphology dependent intri-
cate nanostructures with a large specific surface area are
required in order to achieve significant catalytic activity. As a
result, MOF-based electrocatalysts with tuneable morphologies
will induce disparate exposed active sites, which boosts the

2146 | Mater. Chem. Front., 2023, 7, 2120-2152

adsorption of active reagents (H,O/OH ) during the OER
process. For instance, Qichun et al. developed a series of
morphology-regulated (nanosheets, nanoflowers, nanotubes
and aggregations) Hofmann-type FeNi-MOFs by simply tuning
the amount of PVP at room temperature as an effective electro-
catalyst for efficient OER in an alkaline medium. It was
observed that among the different morphologies of FeNi-
MOFs, MOFs possessing nanosheets showed a better electro-
catalytic performance of 248 mvV overpotential to attain a
10 mA cm > current density. Fig. 17a shows the schematic
illustration strategy of the morphology regulated FeNi-MOF
derived electrocatalyst. The SEM images of the synthesised
MOF precursors at different reaction conditions are provided
in Fig. 17b-e. They obtained the various morphologies
(Fig. 17f-i) of FeNi-MOF, possessing nanosheets (NSs), nano-
flowers (NFs), nanotubes (NTs) and aggregations (AGs) after
pyrolysis at high temperature and partial oxidation of the FeNi-
MOF precursor. Interestingly, from the XPS analysis, they have
found that the shifting of the binding energy towards a higher
value in the case of Ni 2p and exists in the order of FeNi NFs,
FeNi NTs and FeNi AGs than the FeNi NSs which implies that
regulation of the morphology will also tune the electronic
structure and the electrons will be transferred from the Ni site
to the Fe site. The LSV polarization outcomes (Fig. 17j) evidence
that FeNi NSs have better electrocatalytic activity than the FeNi
NFs, FeNi NTs, FeNi AGs and commercial RuO, at 10 mA cm 2,
which are 248 mvV, 258 mV, 284 mV, 332 mV and 286 mV,
respectively. These results showed that by tailoring the mor-
phology of FeNi-MOF, numerous exposed active sites and
porous structures are created, which will boost the OER
performance.'® On the other hand, Yao et al. prepared a series
of Fe-MOFs with polyhedral morphology by introducing /-
cyclodextrin (CD) as a morphological modifier in the presence
of ferric chloride and terephthalic acid (TPA) under dimethyl
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Fig. 17 (a) Schematic representation of various geometries of FeNi Hofmann MOF-derived electrocatalysts for the OER; (b—e) and (f—i) show the SEM
images MOF precursors in different reaction systems and FeNi NSs, FeNi NFs, FeNi NTs and FeNi AGs, respectively; (j) LSV polarization results of FeNi-
MOFs with various morphologies. Reprinted with permission from ref. 18. Copyright (2020) Royal Society Chemistry (RSC).

formamide (DMF) as a solvent. They regulated the morphology
from a hexagonal bipyramid to a bipyramidal hexagonal prism
by simply tuning the ratio of TPA to $-CD: 1:0, 1:1, 1:2, and
1:4 and observed a big difference in their structure. Among the
optimized structures, Fe-MOF-1 shows high catalytic activity
among all the structured Fe-MOFs with an overpotential of
398 mV to reach a 10 mA cm™ > current density.'® Recently,
Jia et al. adopted a controllable synthesis of two-dimensional
Fe-Ni MOF of Fe(py),Ni(CN), (py = pyridine) yielding a variety
of nanostructures, including nanoboxes, nanocubes, nano-
plates, and nanosheets. Interestingly, Fe-Ni MOF nanoboxes
deliver a high electrocatalytic activity with a 285 mV over-
potential and a small Tafel slope value of 50.9 mV dec ' in a
1 M KOH solution.'”” In summary, tuning or engineering the
morphology of the MOF-based electrocatalyst will provide a greater
number of intrinsic exposed active sites, which might be due to the
varied exposed crystal planes. These exposed active sites will further
boost the electrocatalytic OER performance.

Conclusion and future perspectives

The electrochemical process of water splitting is one of the
most practical ways to generate hydrogen. So far numerous
types of electrocatalysts have been scrutinized for electroche-
mical water-splitting. Among the several electrocatalysts,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

electrocatalysts made of MOFs have garnered a lot of attention.
We have reviewed the most recent (as of 2018) developments in
the field of OER electrocatalysis involving MOFs and their
derivatives. Owing to their distinctive physicochemical charac-
teristics, MOFs provide a number of benefits over traditional
heterogeneous catalysts, including large surface area, well
defined and highly versatile porous structures, easily tunable
structures to get the desired morphology, and varied composi-
tion of MOF’s to enhance the electrocatalytic OER performance.
These advantages allowed for the successful fabrication of
powder-based MOFs and integrated binder-free MOF electrodes
with conductive substrates, which demonstrated good OER
performance as a result of increase in conductivity. Addition-
ally, MOFs can be used as templates to synthesize a variety of
derivatives, including metal-derived carbons from MOFs, metal
oxides, sulphides, selenides, phosphides and nitrides. These
derivatives have a flawless MOF microstructure as well as the
benefits of outstanding chemical and mechanical stability. The
MOF derived electrocatalysts have several advantages, such as:
by carefully tweaking the architectures and composites, it is
simple to control the distribution of metal ions and doping
atoms; MOF derivatives with highly porous and mesoporous
structures provide a high electron transfer pathway towards
the OER, improving the better contact between the different
potential phases and electrical conductivity.
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The current review has focused on the latest advancements
in MOF’s as sophisticated and effective electrocatalysts for the
OER and various structural techniques to optimize their elec-
trocatalytic activity. Even though MOF-based OER electrocata-
lysis has made significant strides, there are still some
substantial problems and difficulties that need to be resolved
before this field can provide effective materials for energy
conversion.

(i) The first and foremost flaws of MOF electrocatalysts are
conductivity for practical applications. Even while connecting
MOFs with 3D conductive metal substrates has been shown to
be a successful method for increasing conductivity, but it is not
a universal technique for the majority of MOFs. Also, the
preparation of ultrathin MOFs is a technique to enhance the
electrical conductivity of the electrocatalyst. To address this
issue, functionalization of MOFs with a conjugated organic
linker or coupling carbon materials like carbon nanotubes,
graphene and so on is used to enhance the inherent conduc-
tivity of the MOF based electrocatalyst.

(ii) Another drawback is the poor long-term static stability,
which limits the large-scale viable application at harsh applied
potential and also in corrosive electrolytic conditions. Novel
designs and strategies are therefore required to increase the
stable nature of MOFs. In addition, MOF-based electrocatalysts
will be typically active in alkaline environments but not in
acidic environments due to the easily available OH™ ions
leading to boost the reaction kinetics. As a result, it is currently
challenging to create effective and stable MOFs for OER elec-
trocatalysis in acidic and neutral media.

(iii) It is important to remember that the synthesis of MOFs
occasionally needs an expensive organic ligand other than ZIF-
67 and PBAs. So, it is necessary to explore the MOFs with
popularization of other low-cost ligands as effective electroca-
talyst via encapsulation of active metal atoms/nanoparticles to
extend a variety of new functionalized MOFs towards the OER.

(iv) By appropriately controlling the crystal shape, it might
be possible to directly use MOFs as OER electrocatalysts. It
appears that ultrathin 2D MOF nanosheets are particularly well
suited for water electrolysis.

(v) Upon proper surface functionalization, such as doping
with heteroatoms, tuning of morphology, hydration of different
components, and creation of oxygen vacancies and also selec-
tion of suitable composition of MOF’s further extends the way
towards other related electrocatalytic applications.

(vi) The reaction mechanism of the OER on MOFs is still not
comprehended. So, it is imperative to employ the operando and
in situ characterization techniques to determine the appro-
priated intermediates of the OER. Additionally, theoretical
modelling and computational techniques are an effective tool
for understanding the catalytic mechanisms.

Even though there are still many obstacles to overcome, the
research on MOFs and their derivatives in the field of electro-
catalysis, along with a deeper comprehension of the reaction
mechanism, will provide a huge amount of information on
the MOFs and their derivatives to help researchers to design
better MOF-related electrocatalytic materials, ultimately
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leading to their widespread use in large scale generation of
green hydrogen.
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