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Over the past 20 years, metal-organic framework (MOF) nanosheets have garnered a great deal of inter-
est in the fields of energy and environmental management because of their inherent extraordinary quali-
ties. These qualities include the vast surface areas, nanoscale and tunable pore sizes, adaptable
structures and functions, good thermal and chemical stability, high aspect ratios, more exposed accessi-
ble active sites, flexible functionality, high electrical conductivity, and optical transparency. An overview
of the current advancements in the applications of MOF-based materials in environmental science and
renewable energy is provided in this review. Precisely, the advancements, advantages, history and

Received 1st June 2024, characterization of MOF-based materials are first presented and discussed. Next, we focused on the use

Accepted 22nd July 2024 of MOF-based materials in the fields of environmental cleaning and monitoring, particularly for the
DOI: 10.1039/d4ya00332b treatment of wastewater and air purification, and energy storage and conversion. We concluded by

summarizing the findings on the current state-of-the-art advancements and sharing the perspectives on
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the prospects and problems facing future research on MOF-based materials.

1. Introduction

The intriguing structures of MOFs and their notable physical
attributes, such as tunable pore size, large pore volume, high
specific surface area, and the potential for case-specific custom-
ization of fundamental molecular architecture, make them an
ideal platform for applications in energy storage and environ-
mental management."> MOFs are crystalline porous solids that
are made up of organic ligands and metal ions connected by
coordination bonds between the metal ions/clusters and the
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organic ligands.? The majority of metals used are the transition
metals from the d-block (Ti**, Zr**, v**, Cr**, Fe**, Mn**, Ni*",
Cu*", Zn**, and Cd**) or other s-block (Mg>*)/p-block (AI’* and
Ga**) metals. A small number of metals are also employed from
the lanthanide/actinide series. The ligands are the donors that
contain nitrogen or oxygen functional groups, which act as the
linkers between the metal ions.* Metal ions are modeled as
nodes in the MOF structure, leading to the formation of
intricate configurations with hydroxy or oxide anions, ranging
from trimmer to octa-nuclear.” Depending on whether or not
guest molecules are present, MOFs are grouped according to
their dimensionality, and because structures of the MOFs are
distinct, they exhibit distinctive structural dimensionality on
the order of 1D, 2D, or 3D.°

MOFs are characterized by their high porosity, which allows
for up to 90% of free space, and exhibit a high specific surface
area of around 6000 m> g~'.” MOFs have a wide range of
desirable features, which include high porosity, large surface
area, and chemical and thermal stability.® When there are no
guest molecules present in the MOFs’ pores, the porosity of the
material is maintained, and the pore structure maintains its
porosity, even when the guest molecules are eliminated.’
Materials with special qualities are created by combining ele-
ments of organic and inorganic structures. MOFs are distin-
guished by their notable pore volume, which accounts for at
least 50% of the overall volume and their exceptional
strength.'® The selection of the starting building units allows
for the modification of a number of parameters, which include
the pore size (increasing the pore diameter to 98 A),"* density
(decreasing to 0.126 g cm*),"* and specific surface area (up to
1000-10 000 m* g~ 1)."?

In this discourse, we showcase the trend in the development
of MOF nanosheets for the purpose of energy and environ-
mental applications. In order to achieve the aim of this review,
we have provided a brief introduction to the structural advan-
tages of MOFs as well as their physical properties (such as
stability, pore characteristics, and surface area) for practical
applications. An overview of noteworthy advancements in the
use of MOFs for energy storage systems (i.e., supercapacitors,
batteries, solar cells, and fuel cells) is presented. The important
developments in MOFs in the area of environmental applica-
tions, i.e., in the adsorptive removal of dyes and heavy metal
contaminants from water and hazardous gases from the
environment, were covered. The challenges and future pro-
spects for environmental cleanup were discussed, and perspec-
tives on the future directions in this field of research were
highlighted.

1.1 Emergence of MOFs

The first mention of MOFs dates back to 1897, when
Ni(CN),(NH;)-C¢Hg, a coordination network bonded via the
CN groups, was described in ref. 14. The molecule’s crystal
structure was not confirmed until 1952, when it was discovered
to be a layered, square network of Ni(CN),(NH;) groups with
benzene occupying the channels, indicating that the structure
is an extended network."> With copper(1) as the metal node and
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organic nitrogen ligand as the linker, Robinson’s research
groups worked on the creation of a coordination polymer in
1989. They reported the synthesis of {Cu'[C(CeH,CN,)]}, a
polymer with 3-D network architecture, which served as the
initial step toward the development of the metal-organic
frameworks when they brought the idea of topology into
coordination polymers for the first time.'® In 1990, Hoskins
and colleagues discovered porous coordination polymers that
demonstrated ion exchange capabilities, marking the begin-
ning of the development of functional microporous materials."”
The heterogeneous catalyst {Cu'[C(C¢H4-CN,)]}, for the cyano-
silylation of aldehydes was effectively prepared from a 2-D
square network material created by the Japanese professor
Fujita in 1994 using Cd(NO;), and 4,4-bipyridine. This material
can readily form clathrates with certain aromatic guests with a
specific shape. As a result, Fujita postulated that the reaction’s
selectivity will be influenced by the cavity size."®

It was not until 1995 that Yaghi and associates began
referring to these materials as metal-organic frameworks."® A
multilayer material made of pyridine, octahedral Co centers,
and 1,3,5-benzenetricarboxylate was successfully designed and
synthesized, and it was able to bind aromatic molecules like
benzene both reversibly and selectively. Meanwhile, as an
alternative to zeolites and activated carbon, Omar M. Yaghi
and colleagues synthesized a groundbreaking substance known
as MOF-5, which is said to be the first strong and highly porous
material.*°

In 2002, a number of Zn dicarboxylates gained popularity,
but the concept of isoreticular chemistry>* was also applied to
other materials. In particular, it has been found that the mixed-
linker compounds [M,(dicarboxylate),(diamine)] (M = Zn, Cu)
are a versatile class, and several experiments have been carried
out by altering the two organic components.>* The imidazolate-
based compounds, now referred to as zeolitic imidazole frame-
works (ZIFs),>* were added to the MOF family in 2003.

1.2 Characterization of MOF based materials

Below is a summary of the instrumentation techniques inves-
tigated for the characterization of MOFs and their derivatives.

The microstructure of MOF materials is extensively studied
using scanning electron microscopy (SEM), which offers
insights into morphology, topography, crystal structure, com-
positional changes, phase distribution, and defect location.>*
In order to investigate the form and porous structure of micro-
scale adsorbents, the analysis can be carried out at low magni-
fication (<1000x) or high magnification (>30000x) for
nanoscale adsorbents, such as aggregate formation in metal-
organic frameworks (MOFs).>* In order to evaluate adsorbents
post-processing and following adsorption/desorption cycles,
this method is helpful for determining materials’ stability.>®
The SEM image of yttrium-based metal oxide fillers (Y-MOFs),
which is depicted in Fig. 1a, uncovered well-dispersed, sphere-
like structures that ranged in size from 3 to 5 pm. The spheres
are filled with nanosheets (200 nm wide and 40-50 nm thick),
which resemble Allium giganteum (see the inset in Fig. 1b) in the
extended pictures (Fig. 1b and c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM and TEM images of as-prepared Y-MOF samples at 120 °C for 24 h: (a)—(c) low- and high-magnification SEM images (inset in (b) is the photo
of Allium giganteum);*® (d) low- and high-magnification TEM images; (e) EDX spectrum;®® (f) nitrogen adsorption/desorption isotherms of

Y-MOFs:10%Eu®" (inset is pore size distribution).?’”

Particle form, thickness, and size may all be determined as
well as defects such as vacancies and dislocations by using
transmission electron microscopy (TEM), which is also used to
examine the chemical and electrical structures of materials.”®
TEM is perfect for analyzing very small adsorbents because,
unlike SEM, it requires the electron beam to pass through the
sample. In order to determine metal distribution, agglomera-
tion, crystal size, and particle form on substrates, TEM is
frequently used with MOFs.>® These data facilitate the devel-
opment of separation techniques and the study of adsorbent
behavior in solutions. A TEM image of Y-MOFs, which were
synthesized in ref. 26, is shown in Fig. 1d. The analysis reveals
radially oriented nanosheets. The presence of C, Y, O, and N is
confirmed by energy-dispersive X-ray spectroscopy (EDX) in
Fig. 1e, which is in line with the composition of Y-MOFs.

It is possible to determine the MOFs’ surface area, pore
volume, and pore size distribution using adsorption isotherms
of non-reactive gases at cryogenic temperatures. For pores
smaller than 0.7 nm, argon at 87.3 K is preferable, but N,
adsorption at 77 K produces an isotherm in this case.*’ N,
adsorption at 77 K indicated a surface area of 2021 m* g~ *, pore
width of 11.7 A, and pore volume of 0.882 cm® g~ * for the Ni-
MOF produced in ref. 31 utilizing ultrasound irradiation. Their
investigation produced MOFs with textural properties that were
different from those found in earlier studies on surface areas

© 2024 The Author(s). Published by the Royal Society of Chemistry

and pore volumes, possibly due to ultrasonication. The N,
adsorption-desorption isotherm and pore size distribution of
the Y-MOF:10%Eu®" sample are shown in Fig. 1f. Based on
IUPAC standards, this isotherm is categorized as type IV with a
hysteresis loop.?” According to Yang et al.,>® Y-MOFs have an
average pore diameter of 12.5 nm and a BET surface area of
about 90.1 m? per g 10% Eu’".

The identification of IR-active functional groups inside
MOFs is a well-established use of Fourier-transform infrared
spectroscopy (FT-IR), which is essential for investigating the
adsorption performance of MOFs.*” For example, FT-IR peaks
at 1400-1767 cm™ " for cross-linked terephthalic acid indicate
the presence of carboxylic groups (-CO,), whereas peaks at
1650-1767 cm™' for non-reacted terephthalic acid are
observed.*® A new gadolinium-porphyrin MOF nanosheet was
produced and FT-IR characterization was performed* (Fig. 2a).
The researchers detected absorption peaks at 963 cm ™' and
3315 em™°
stretching, respectively. They also noted alterations in peak
intensities subsequent to coordination with gadolinium ions
(Gd). While the C—0 stretching vibration of carboxyl groups
dramatically attenuated to 1683 cm™ ' upon coordination, the

, which correspond to in-plane vibrations and N-H

C—C stretching vibration of porphyrin showed a new peak at
1651 cm ' and vibration at 1683 cm ‘. Furthermore, a
decreased peak at 1485 cm ' owing to sulfonic acid groups

Energy Adv, 2024, 3, 2079-2135 | 2081
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Fig. 2 (a) FT-IR analysis of TCPP and Gd-TCPP.** (b) FT-IR analysis of TPPS and Gd-TPPS. (c) Thermogravimetric analysis (TGA) of HKUST-1.%°
(d) Powder X-ray diffraction (PXRD) spectra of Fe-, Zr-, and La-based metal—organic frameworks derived from recycled PET plastic bottles.>®

and a peak at 1582 cm ' ascribed to the MOF structure’s

skeletal vibrations were seen (Fig. 2b shows the corresponding
results for Gd-TPPS).

In order to determine impurities, unreacted precursors, and
breakdown temperatures, thermogravimetric analysis (TGA)
profiles are first acquired for freshly synthesized MOFs (pre-
activation).>” MOFs break down in several ways based on the
carrier gas (air, O,, or N,). To determine which compounds are
producing mass changes and temperature variations, mass
spectrometry and TGA are frequently employed in tandem.®
For HKUST-1 samples evaluated within a specific temperature
range, the TGA curve in Fig. 2c shows a two-stage thermal
breakdown. It is possible that the removal of lattice water/
ethanol occurs in the first step (50-125 °C), and the thermal
degradation of the organic ligand occurs in the second stage
(300-400 °C).*

The main technique for accurately figuring out the atomic
arrangement and structure of MOF materials in single crystals
is X-ray diffraction (XRD). PXRD, or powdered X-ray diffraction,
is used to describe MOFs when single-crystal XRD is not
feasible because of the size of the crystal. PXRD spectra with

2082 | Energy Adv., 2024, 3, 2079-2135

sharp diffraction peaks reveal the bulk MOF materials’ crystal-
linity and structural details. To verify the authenticity of a
product, experimental powder patterns can be compared with
patterns predicted from single crystal structures or computa-
tional models.*® PXRD analysis of Fe-, Zr-, and La-based MOFs
made from recycled PET plastic bottles was performed in ref. 36
(Fig. 2d). For example, the production of Fe-BDC was confirmed
by sharp (001) and (101) peaks at 9.5° and 10.7°.>° According to
He et al.,** the Zr-MOF displayed (111) and (002) peaks at 7.14°
and 8.55°, respectively, suggesting intercalated molecular
layers. Furthermore, Zr-MOF crystal planes were correlated with
strong peaks at 11.87°, 14.71°, 17.33°, 25.73° and 30.71°.*!
Similar to this, the La-MOF showed crystalline peaks that
corresponded to different crystal planes at 15.19°, 23.97°,
28.95°, and 32.87°.*

2. Energy applications of MOFs
2.1 MOFs for supercapacitors

Supercapacitors, also referred to as electrochemical capacitors
or ultra-capacitors, are some of the most promising energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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storage technologies that are gaining international interest
from researchers because of their special qualities, which
include high power density, long cycling life, and quick charge
rates.”® Since pure MOF SCs have poor conductivity, they often
have low specific capacitance despite having significant poros-
ities. A new method for enhancing SC performance involves
incorporating MOFs with conductive materials, like graphene
and conductive polymers, to increase MOF conductivity. Super-
capacitors can be primarily divided into three groups based on
the principal charge-storage mechanism, electrode/electrolyte
interface, and active materials utilized. (1) Via an electroche-
mical double-layer capacitor (EDLC) using electrostatic forces,
electrical energy is transferred to their inside surfaces. By
allowing electrolyte ions to adhere to the surface of electrode
materials, the carbon-based electrodes, or their derivatives, are
utilized to store charge.* Carbon-based active materials having
large surface areas, such as microporous or mesoporous
carbon,” graphene,’® carbon nanotubes,”” and so on, are
typically used in these kinds of SCs. (2) Fast and reversible
surface redox reactions are the foundation of pseudo-
capacitors. Typical examples of active materials in pseudo-
capacitors are transition metal oxides and conductive
polymers,*® and (3) hybrid supercapacitors (HSCs) combine a
capacitive electrode with a battery-type electrode (such Li/Na-
ion type electrodes) in an electrochemical cell to provide high
energy and high power densities.*’

Excellent energy storage capabilities and high power densi-
ties can be achieved by utilizing various electrode materials,
such as carbon-based electrodes for electrostatic double-layer
supercapacitors or transition metal oxide electrodes for pseu-
docapacitors. Key factors include high conductivity, large sur-
face areas, and convenient electrolyte access to active sites.>
Because of the coexistence of organic and metal components in
MOFs, materials based on MOFs typically have high surface
areas and porous architectures that provide enough electroac-
tive sites for supercapacitors, particularly EDLCs and HSCs.
While a great deal of studies have been done on using MOFs as
templates to create nanostructured materials like metal oxides
or nanoporous carbon, nano-MOFs in different shapes such as
particles, rods, and sheets have also been studied for use as
supercapacitor electrodes. When creating electrodes, the con-
trolled porous structure of nano-MOFs offers much-desired
benefits like low density and extraordinarily large exterior sur-
face area. Furthermore, in contrast to practically inert commer-
cial porous carbon electrodes, the presence of redox-active
metal centers may enhance pseudo-capacitance.’® Depending
on the electrode materials, MOFs can be used in three different
ways: (i) utilizing pristine MOFs to store charges by physisorption
of electrolyte ions on their internal surfaces or by taking advan-
tage of reversible redox reactions of the metal centers; (ii) breaking
down MOFs to obtain metal-oxides and preserving electrons
through the charge transfer between the electrode and electrolyte;
and (iii) pyrolyzing MOFs to yield porous carbons and increasing
capacitance by increasing conductivity.**

A porous MOF Niz(HITP), (HITP = 2,3,6,7,10,11-hexaimino-
triphenylene) with electrical conductivity has been studied for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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its possible application in ref. 51; when compared to the bulk
electrical conductivity (>5000 S m™ ") of porous graphite and
active carbon (1000 S m '), the EDLC behavior (Fig. 3)
indicates 1D channels (~ 1.5 nm in diameter).>! This is suppo-
sedly the first known instance of a supercapacitor made com-
pletely of pure MOFs as active materials, devoid of any binders
or conductive additives. At a low discharge rate of 0.05 A g™,
the Ni;(HITP), electrodes had a very high surface area normal-
ized capacitance of 18 mF cm > and a satisfactory gravimetric
capacitance of 111 F g~ ', which was among the highest values
reported for most carbon material-based supercapacitors.’?
With over 90% capacity retention after 10000 cycles, this
MOF-based device demonstrated superior cycling performance
and exhibited a high areal capacitance that surpassed most
carbon-based materials.

For high-performance supercapacitors, MOFs with high
electrical conductivities are therefore created as appropriate
electrode materials based on the aforementioned principles.
For instance, Li et al.>® used a bottom-up synthetic approach to
integrate Cu-HHTP single crystal nanowires onto carbon fibers
to create conductive MOF nanowire arrays (NWAs). These
NWAs were then grown on carbon fiber paper to create nano-
wire arrays of a copper-MOF that were 200-250 nm in diameter
and 3-15 mm in length. The NWAs were then used as electro-
des for solid-state supercapacitors.”® Effective charge/electron
transfer at the MOF NWAs/electrolyte interface was made
possible by the NWA electrode’s significant reduction of the
inherent resistance and charge transfer resistance at the elec-
trode/electrolyte interface. The Cu-HHTP NWA electrode
demonstrated a high specific capacitance of 202 F g~ ' at a
current density of 0.5 A g~ ', which was twice as high as those of
the Cu-HHTP powder electrode. This was made possible by the
composite’s high porosity and strong conductivity. With a
strong rate performance, the symmetric solid-state supercapa-
citor made with Cu-HHTP NWA electrodes had a high surface
area-normalized capacitance of ~22 pF cm™ . Surprisingly, this
work also showed that by manipulating the morphologies from
the randomly shaped crystallite to the strongly oriented NWAs,
which fully utilized their high porosity and conductivity, their
electrochemical performances (e.g., rate performance and capa-
citance) could be improved.

Another advancement in increasing MOF conductivity was
made in ref. 53, where MOFs were combined with conductive
materials like graphene and conductive polymers, resulting in a
novel approach for enhancing SC performance. The highest SC
performance was demonstrated by ZrsO4(OH),(BPYDC)s
(BPYDC = 2,2-bipyridine-5,5-dicarboxylate, termed nMOF-867),
among the 23 distinct nanocrystalline MOFs that were exam-
ined. Its performance could be maintained for at least
10000 cycles. Its stack and areal capacitances were 0.64 and
5.09 mF cm ™2, respectively. It was shown that MOF-801 nano-
crystals, measuring approximately 100 nm, performed better
than those measuring 500 nm. This was likely due to the ease
with which electrolyte ions could diffuse into these tiny crystals.
Liu et al.>® reported the first preparation of NPCs using MOF-5-
FA composites (FA = furfuryl alcohol) as a secondary carbon

Energy Adv.,, 2024, 3, 2079-2135 | 2083
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Fig. 3 MOF-based supercapacitors. (A) Schematic construction of MOF supercapacitors.>®
(C) A space-filling diagram of idealized Niz(HITP), (Ni, green; F, lime; N, blue; C, gray;

comparison of stack capacitances among various EDLC materials.>
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(B) Structure and nanocrystal morphology of nMOF-867 and

B, brown; H, white).>! (D) Comparison of BET-surface-area-normalized areal capacitances among various EDLC materials.>*

source. The as-synthesised carbon electrode in 1.0 M H,SO,
electrolyte demonstrated the exceptional performance of the
MOF-derived NPCs for the EDLCs, providing a capacitance of
204 F g~' at a sweep rate of 5 mV s '. The Ni-based MOF
electrode’s structural layer structure demonstrated capaci-
tances of 1127 and 668 F g ' at rates of 0.5 and 10 A g %,
respectively, as reported by Yang et al.’” An aqueous solution
containing 6 M KOH was used to study the electrochemical
behavior of the electrode, which was created by pressing a paste
consisting of a 70 wt% Ni-based MOF combined with 20 wt%
acetylene black and 10 wt% polytetrafluorethylene (PTFE) bin-
ders onto a stainless steel plate. Over a 3000 cycle period, the
PTFE binder demonstrated over a 90% cycle lifetime and a
specific capacitance of 1127 F g~ at 0.5 A g '. The greatest
exposed (1 0 0) facets and layered structural characteristics were
found to be highly advantageous for the kinetics of surface
redox reactions and the diffusion of charged species, which

2084 | Energy Adv, 2024, 3, 2079-2135

explains why the material showed a satisfactory high specific
capacitance and outstanding rate capability.

In a related breakthrough, Wang et al.>® reported the crea-
tion of a flexible MOF-based supercapacitor using a two-step
fabrication technique that involved coating ZIF-67 nanocrystals
(~300 nm) on a carbon cloth first and then electrochemically
weaving polyaniline onto the cloth.

PANI electrochemically connected ZIF-67 had been chosen,
after it had been first coated on carbon cloth; the resulting
electrode was designated as PANI-ZIF-67-CC. Using polyaniline,
which allowed electrons to reach the MOF surface and the open
MOF pores, which made electrolyte diffusion simple, a very
high areal capacitance of 2146 mF cm > at 10 mV s ' was
achieved. Additionally, two symmetric freestanding PANI-ZIF-
67-CC electrodes were used to create a flexible solid-state
SC device. After 2000 cycles, the SCC still maintained more
than 80% of its initial capacitance and produced an amazing
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areal capacitance of 35 mF cm >
0.05 mA cm 2.

According to Feng et al.,>® 2D black MOFs, Cu-HAB and Ni-
HAB, with an ultra-small hexaaminobenzene (HAB) linker
demonstrated hexagonal pore packing with dio, = 1.5 nm,
which in turn produced extremely dense skeletons with super-
ior capacitive behaviors for electrochemical supercapacitors
that are submillimeter thick. In 1 m KOH, both HAB MOF
electrodes demonstrated distinct reversible redox behaviors in
addition to having sizable gravimetric capacitances of 215 F g "
for Cu-HAB and 420 F g~ for Ni-HAB. It has been determined
that the main mechanism of charge storage was pseudocapa-
citance from ligand-based reversible redox processes, with a
small contribution from EDL capacitance (<10% for Ni-HAB
and <20% for Cu-HAB) obtained from moderate SSA (150-
200 m*> g~ ). Additionally, after 12 000 cycles, these HAB MOF
electrodes showed good cycling stability with a capacitance
retention of almost 90%.

Bi et al.®° investigated the EDL charge storage and charging
dynamics of three 2D ¢-MOFs (Cu-THQ, Cu-HITP, and Cu-
HITN; THQ = tetrahydroxy-1,4-quinone, HITN = 2,3,8,9,14,15-
hexaimino-trinaphthalene) using constant-potential molecular
dynamics simulations. Experiments on the electrochemical
performance of macroscale EDL capacitor devices provided
support for the results of the computer models. These 2D
c-MOF-based devices demonstrate unprecedentedly large spe-
cific capacitances, low cell resistances, and unprecedentedly
high energy and power densities. The energy density of the
supercapacitors can be further enhanced by the crystalline 2D
¢-MOFs since they have a wider working voltage range and a
greater specific surface area, which allows for a capacity that is
almost equal to the theoretical value. Additionally, Li et al.,
2020°" presented a thorough investigation of a carbon material
with a partial inheritance of the organized linked macroporous
structures. Their research showed that when utilized as the
electrode in a supercapacitor, the derivative carbon material
demonstrated exceptional rate performances and improved
cycle stability. These could be brought about by its enhanced
diffusion, stronger structure, and decreased resistance. The
technique offered significant promise for creating macro-
microporous superstructures for a number of exciting energy
storage device applications.

Guan et al.®* reported the creation of multi-shelled metal
sulfide particles with a distinctive hollow structure using a
MOF-engaged technique as a battery-like electrode. The Co-
based MOF precursor must first be directly pyrolyzed in order
to produce the onion-like Co;0, particles. These multi-shelled
Co;0, spheres can be transformed into NiCo,S,; and Co,S;
particles, which resemble onions, by a sequential ion-change
process. Due to their high capacitance and exceptional cycling
stability, the complex hollow-structured NiCo,S, particles exhi-
bit enhanced characteristics as a battery-type electrode.
Furthermore, an HSC device based on the combination of these
onion-like NiCo,S, particles and the activated carbon manifests
excellent cycling stability, enhanced energy density, and
power capability. The enhanced performance may largely be

at a current density of
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attributed to the complex structure and composition of the
onion-like NiCo,S, particles. Specifically, the complex multi-
shelled structure can improve the energy density of the elec-
trode material. Moreover, the porous and hollow structure with
much higher specific surface area should also be beneficial for
electrochemical applications. In addition, incorporation of Ni**
cations into the cobalt sulfide could result in increased con-
ductivity and the creation of new active sites.

2.2  MOFs for solar cells

By creating electrical charges that are free to move about in
semiconductors, solar cells use the photovoltaic effect to
directly convert solar energy into electrical energy and produce
electricity. In contrast to nuclear power plants and coal-fired
power plants, solar cells produce no hazardous emissions
during the electricity-producing process, which has led to a
recent surge in research into solar cells as an environmentally
acceptable energy source. The photovoltaic effect, which occurs
when the cell’s surface is exposed to light, is the basis for how
solar cells function. Common solar cells are made of semicon-
ductor materials, which can absorb light and has a bandgap
less than visible light’s energy. A cell’s internal electric field
causes the electrical charges created by this light to move,
which results in the flow of electricity. By connecting p- and
n-type semiconductors, the external voltage is generated. An
electric field is created between the p- and n-type semiconduc-
tors at their interface, causing band bending due to the
disparity in Fermi energy. Because of the band bending of the
p-n junction, electrons transported upon light irradiation to
the conduction band can pass from the p-type semiconductor
to the n-type semiconductor, generating an electric current that
flows along the circuit and is used as energy.

The kind of materials utilized and their composition can be
used to classify solar cells. The most widely used type of solar
cells are the silicon-based ones, which are further classified as
amorphous, hybrid, polycrystalline, and monocrystalline sili-
con solar cells based on the crystallinity of silicon. When
compared to other types of solar cells, single-crystal silicon
solar cells have the best light conversion efficiency, but they
also have the highest fabrication costs. First-generation solar
cells are the name given to such solar cells.®

2.2.1 Dye-sensitized solar cells (DSSCs). Due to their
advantages of charge separation efficiency and low cost of
manufacturing, dye-sensitized solar cells (DSSCs) have drawn
significant attention from researchers worldwide for more than
20 years.** Owing to these exceptional qualities, dye-sensitized
solar cells, or DSSCs, have emerged as a viable option that
might both alleviate the world’s energy crisis and lead to a
breakthrough in power conversion efficiency. A dye-sensitizer
that may be obtained from natural resources, titanium dioxide
(TiO,), makes up the photoanode of a dye-sensitized solar cell
(DSSC). In addition, the photoanode is made up of a thin layer
of a conducting, transparent metal oxide that is porous and
semiconducting; the most popular metal oxide for this purpose
is TiO,. A photosensitizing dye is used to sensitize the metal
oxide thin layer. DSSCs can be produced using a roll-to-roll
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Fig. 4 (A) Schematic representation of typical dye-sensitized solar cells. (B) The use of MOFs for the photoanodes in DSSCs as the blocking layer.”* (C)
Schematic illustration of the preparation of 2D MOF nanosheets and their modified electron-extraction layer for photovoltaic devices.”?

technique, which is an affordable, continuous printing
approach on flexible substrates. The dye molecule absorbs
photons from the sun, which results in electron injection into
the semiconducting metal oxide’s conduction band. As seen in
Fig. 4A, the electron moves toward the counter electron CE via
the outer circuit. The electrocatalyst, which is typically a thin
layer of platinum, is placed as a layer on another conducting
substrate to form the CE. The space between the CE and the
photoanode was filled with an electrolyte solution that con-
tained a redox pair. As DSSCs can operate well with diffused
light even under overcast conditions, they can be installed in a
variety of spaces, including sunroofs and windows. Due to
these benefits, DSSCs have been the subject of extensive
research.®>®® Transition metal materials,®” metal alloys,*® car-
bon materials,*® and conductive polymers’® have been used as
substitutes for the Pt counter electrode in DSSCs. Although
their stability is not as good as that of metal-free electrode
materials, carbon materials have a high surface area and
electrical conductivity to make up for their drawbacks.

The application of MOFs as semiconductors has been
extensively established by experimental and theoretical
measurements.”> Subsequent studies also validate that the
semiconducting characteristics of MOFs may be tuned through

2086 | Energy Adv., 2024, 3, 2079-2135

metal node size adjustments, organic ligand replacements, and
coordination mode adjustment between the organic and inor-
ganic constituents. The potential of MOF-based materials as
photoanodes or auxiliaries for electrode sensitization in DSSCs
should be explored due to their enormous surface area and
capacity to harvest light.

Li et al.”" reported the investigation of a ZIF-8-coated TiO,
hybrid with different thicknesses, which was subsequently
effectively applied in a DSSC. As a blocking layer on the
photoanode, a thin layer of ZIF-8, a zinc-based zeolitic imida-
zolate framework, was formed on a TiO, surface (Fig. 4B). By
altering the reaction time, the thin ZIF-8 film’s thickness may
be precisely regulated. By submerging the built TiO,/ZIF-8 in
the dye-containing ethanol solution, electrode sensitization is
achieved. The adsorption of dyes is greatly enhanced by the
thicker ZIF-8 coating layer. The interfacial charge recombina-
tion on the TiO, surface can be inhibited by the ZIF-8 thin layer,
leading to a notably higher open circuit voltage (V,) than the
pure DSSC without ZIF-8. It was also discovered that when ZIF-8
was present on the photoanode, the dye loading was signifi-
cantly higher. With the ZIF-8 layer’s assistance, the cell effi-
ciency increased from 5.11% to 5.34% during the ideal growth
period; however, when the growth time increased further, the
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cell efficiency decreased because of a sharp decline in the short-
circuit current density (Jsc)-

Lopez et al’* reported the development of solar cells
employing the MOF thin film consisting of Al,(bdc); (bdc:
p-benzene dicarboxylate) as the active component in all-
solid-state DSSCs. Their investigation showed that, with an
optimum thickness of 2.7 mm, Al,(bdc); containing the 1,4-
dimethoxybenzene guest molecule performs better than indivi-
dual components (short-circuit current density = 36 mA cm ™2,
open-circuit voltage = 0.36 V, and fill factor = 40%). Addition-
ally, materials generated from MOFs may inherit interesting
properties from the related MOFs and exhibit high perfor-
mance as photoanodes. With a pore size of 10 nm and a large
Brunauer-Emmett-Teller surface area of 147 m* g™, Dou et al.,
20167 created a porous TiO, hierarchical structure using Ti-
MIL-125 as a precursor. With a 7.2% increase in efficiency
over commercial TiO, (Degussa P25), the as-constructed TiO,
material has been effectively employed as a photoanode for
the DSSC.

2.2.2 MOFs in organic solar cells. Polymer cells composed
of carbon-based materials and organic electronics are known as
organic solar cells, or OSCs for short. As opposed to the
expanding uses in DSSCs and PVSCs, MOFs have not yet been
thoroughly investigated in OSCs, and there are currently very
few research studies that address this topic. As was previously
indicated, using MOFs directly as photoactive materials is very
difficult. Moreover, MOF sites in OSCs are limited to interlayer
engineering due to the lower semiconducting qualities of
organic materials compared to their inorganic counterparts.
Plastic solar cells are significantly more robust and have a lot
higher coverage area than traditional solar cells, but they lack
high PCEs. In contrast, organic solar cells (OSCs) have highly
adjustable architectures, are flexible, lightweight, and inexpen-
sive, and are made up of thin films. In order to increase the PCE
and stability of OSCs, numerous studies have been carried
out.”®”® Furthermore, compared to silicon solar cells, organic
solar cells are far thinner, providing significant material sav-
ings that are beneficial to the environment. High conductivity
and charge transport mobilities are necessary for the interfacial
layers, which include the hole extraction layer and electron
extraction layer (EEL), which are critical components of organic
solar cells (OSCs). Due to their superior electrical and optical
capabilities and wide surface areas, 2D materials are employed
as an addition to the interfacial layers.

By creating unique 2D tellurophene-based MOFs and exfo-
liating them using branched poly(ethylenimine)ethoxylate
(PEIE) to create single- or few-layer MOF nanosheets, Xing
et al.”® have presented an efficient peeling technique for MOFs.
Using MOF nanosheets functionalized with PEIE as an inter-
layer, they were also able to improve the PCE of OSCs. Accord-
ing to the findings, a hybrid EEL with this kind of conductivity
may outperform pristine PEIE and adjust the ETL’s work
function to reduce charge recombination in the resulting
device. This would allow for a 15% increase in PCE when
compared to the control device, as seen in Fig. 4C.”> Another
advancement was the publication of Sasitharan et al”® on
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production of ultrathin zinc porphyrin-based MOF nanosheets
(MONG).

A PCE of 5.2% was demonstrated by the OSCs using MONs
as the photoactive layer, which is nearly twice as much as the
reference device. Because of their structural, optical, and elec-
trical characteristics, MONs provided a surface template for
poly(3-hexylthiophene-2,5-diyl) (P;HT) crystallization. There-
fore, enhanced PCEs were obtained by lowering the grain size,
increasing the hole mobility and raising the absorbance twice.
These findings highlight the possibility of using tunable 2D
MOF nanosheets as building blocks to raise the efficiency of
various OSCs.

2.2.3 Perovskite solar cells (PSCs) with MOFs. Materials
with particular crystal structures that exhibit photovoltaic
(electricity from light) properties are known as perovskites.
Due to their exceptional efficiency and low manufacturing
costs, these materials have the potential to completely trans-
form the solar industry. With efficiency rising quickly from
reports of roughly 3% in 2009 to over 25% today, perovskite
solar cells have made impressive strides in recent years.*
Perovskites have the general structural formula ABX;, where
the X site is a halide (I, Br—, Cl™, or their mixtures; SCN ™), the
B site is a divalent metal (Pb% Sn>", Bi**, Ge®"), and the A site is
an organic or inorganic cation (Cs’, Rb’, methylammonium
Cs', Rb', methylammonium (MA) CH;NH;, formamidinium
(FA); CH,(NH,),", guanidinium). Perovskite materials have
several notable optoelectronic characteristics, including the
capacity to transport ambipolar charges, strong and broad light
absorption, extended exciting diffusion length, low cost, and
solution processability. Relevant research projects are emerging
because PSCs show promise for challenging the current
inorganic-based photovoltaic approaches.®"** Despite the rapid
rise in efficiency of perovskite solar cells (Fig. 5A), several
obstacles need to be overcome before this technology can be
competitively adopted in the commercial sector. The produced
perovskite film typically has many flaws and grain boundaries
because of the polycrystalline nature restricted by the solution-
based fabrication procedures, which will compromise the sta-
bility of the devices’ performance. Therefore, when exposed
to moisture, oxygen, heat, and light, PSCs are susceptible to
degradation.®®*

Perovskites provide excellent light-absorbing properties
such as minimal recombination losses, easy bandgap tunabil-
ity, long charge carrier diffusion lengths, and inexpensive
manufacturing. An electron transport layer (ETL), a hole trans-
port layer (HTL), a light absorber (a perovskite layer), a con-
ductive substrate (either indium tin oxide (ITO) or fluorine-
doped tin oxide (FTO)), and a metal electrode make up a PSC.
As illustrated in (Fig. 5B), PSCs are mainly classified into
mesoporous or planar structures, which are further subdivided
into conventional (n-i-p) and inverted (p-i-n) structures.®®
Vinogradov et al.¥” reported the insertion of a Ti-based MOF
in a standard n-i—p PSC by depositing MIL-125 onto the surface
of TiO, nanoproducts via a single-step hydrothermal synthesis.
Their research verified that micro-mesoporous MOFs can
strengthen the interfacial contact between the perovskite films
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and promote perovskite crystallization, thereby suppressing
interfacial charge recombination and improving device stability
and performance. In comparison to the n-i-p structure, the
p-i-n structure lowers the process temperature, which is
advantageous; nevertheless, the somewhat lower efficiencies
are a drawback. Moreover, Lee et al.®® added insulating porous
Zr-MOFs, MOF-808 and UiO-66 at the NiO,/perovskite interface
to give the perovskite materials another scaffold to develop on.
These implanted MOFs support the crystallinity of the perovs-
kite film formed on top, much like the advantages of the
microporous scaffold that were previously discussed (Fig. 5C).

Li et al.®® have doped an indium-based MOF, in addition to
employing a MOF in the ETL, [In,(phen);Cls]-CH;CN-2H,0
(Iny), into the HTL of spiro-OMeTAD. The authors first showed
that a device can provide more photo-response by including In,
in the HTL. Furthermore, In, has a strong UV absorption due to
its large E,, even though its emission was in the visible light
spectrum. In a subsequent evolution, the HTL’s cube-shaped
In, crystals might serve as the light-scattering center, generat-
ing many reflections that lengthen the light path inside the
apparatus. This adds to the increase in absorption in the 500-
700 nm range. With the use of rapid heat transfer, Ryu et al.®®
carried out a thorough investigation to create nanocrystalline
Ti-based MOF (nTi-MOF) NPs on ITO glass. This resulted in the
successful production of an nTi-MOF as opposed to a Ti-MOF
(MIL-125). Their overall electrical structures differed slightly,
despite the fact that the chemical state of Ti in an nTi-MOF is
comparable to Ti in TiO,. Because of its larger current energy
level, an nTi-MOF has a greater transmittance than TiO,. Its
ability to function as an ETL in a device is indicated by the fact
that its energy level, as demonstrated, agrees well with that of
the perovskite and ITO. Rather than altering the mesoporous

2088 | Energy Adv, 2024, 3, 2079-2135

and (C) (a) the transmission of TiO, and nTi-MOF. (b) The energy level diagram.®®

TiO, scaffold, Shen et al.”® inserted a type of insulating ZIF-8 on
top of the mesoporous TiO, (mp-TiO,) layer. ZIF-8 was added to
the mp-TiO, layer, roughening its surface in a way that
encourages the crystallinity of the perovskite layer formed on
top, similar to the effects reported in other investigations.

2.3 MOFs for batteries

Through an electrochemical process known as oxidation-
reduction (redox), a battery directly transforms the chemical
energy found in its active components into electric energy. For
the purpose of powering electric vehicles, portable gadgets, grid
energy storage, and renewable energy devices, in particular,
dependable and efficient energy storage devices are key com-
ponents of the sustainable use of renewable energy sources.’*
The electrode materials are a crucial determinant of the
rechargeable battery’s performance. Consequently, a number
of investigations have been carried out to create sophisticated
electrode materials that have outstanding cycling stability, a
high specific capacity, and good rate performance. Due to their
unique structural and electronic properties, MOFs a novel class
of porous crystalline coordination polymers have garnered
significant attention in the field of batteries in recent decades.
These features make them useful for investigating advanced
batteries, such as zinc ion batteries (ZIBs), lithium-ion batteries
(LIBs), lithium-sulfur batteries (Li-S), lithium-oxygen batteries
(Li-0O,), sodium-ion batteries (SIBs), and sodium iodine (Na-I,)
batteries.””** Consequently, MOF-based materials show pro-
mise as electrode materials for the upcoming generation of
long-cycle, high-capacity rechargeable batteries.

2.3.1 Lithium-ion batteries (LIBs). Lithium-ion batteries
(LIBs) are the most significant and widely utilized energy
storage technology in our daily lives; they are vital components
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of computers, electrical cars, and portable electronics. One of
the main factors affecting LIBs’ overall performance is the
electrode material. Therefore, the creation and manufacturing
of novel materials or materials with distinctive architectures,
like LIB electrodes, have received enormous attention. Still,
they are unable to fulfill today’s greater energy and power
demands despite their extended lifespan and simplicity of
integration into portable devices.** Aside from graphite, which
is the material used in commercial negative electrodes, a
number of nanostructured materials, including carbon nano-
tubes, graphene composites, transition metal oxides, etc., have
been thoroughly studied recently for potential use in LIBs. The
low capacity and energy density of graphite is the driving force
behind the search for other suitable materials. Due to their
large surface area and persistent porosity for Li* ion storage
and migration during charge and discharge processes, pristine
MOFs have been used as replacements to traditional graphite
anode materials. The MOF IN LIBs comprise the following: (1)
rapid charging rates are caused by the rapid electron transport
to the redox-active sites, which is facilitated by the high
electrical conductivity of 2D ¢-MOFs.”® (2) Li ions and other
anions are made easier to diffuse and inject by the regular
channels of 2D c¢-MOFs. (3) Stiff and elongated structures
ensure superior stability during Li insertion/extraction, ensur-
ing electrodes’ electrochemical longevity.’® (4) To obtain a
better specific capacity and enough energy density, both
organic linkers and transition metal ions can function as the
redox active sites.””

A conductive bis(diimino)nickel framework (Ni-HITP) is
used as a high-capacity LIB cathode material.”® The distinct
energy storage mechanism that both the cation (Li") and anion
(PF¢ ) provided as electron carriers to charge and discharge
electrochemical energy was made clear by their discovery.
Furthermore, due to the charge distribution between the metal
ions and non-innocent ligands, Ni-HITP possesses several
redox states. Thanks to its unique redox nature and satisfactory
electronic conductivity, Ni-HITP demonstrated a faradaic
reaction-driven energy storage function that demonstrated
stable cycling performance for up to 300 cycles, an exciting
specific capacity of 155 mA h g, and a high specific energy
density of 434 W h kg™" at a current density of 10 mA g~ *. A
redox-active 2D copper benzoquinoid MOF (Cu-THQ) was cre-
ated by Jiang et al.® as the cathode for rechargeable lithium-ion
batteries. According to their findings, plentiful porosity and
intrinsic redox properties of Cu-THQ allowed for the achieve-
ment of a maximum capacity and specific energy density of 387
mAhg 'and 775 W h kg, respectively. In a manner similar to
Ni-HITP, there, Li* and PF-6 were both embedded in the pores
of 2D Cu-THQ frameworks as part of the energy storage process.
Moreover, research on a variety of morphologies, including
hollow microspherical, pillar-layer, lamellar, and shell-like
morphologies, was reported in ref. 100 and 101. Their work is
helpful for accommodating volume variation, electrolyte pene-
tration, and lithium-ion transportation during the charge/dis-
charge processes. The study conducted by Zou et al.*®* on a
multipodal composite of NiO/Ni/graphene derived from MOFs

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

in the form of a hierarchical hollow ball-in-ball nanostructure
showed that the material had a high reversible specific capacity
of 1144 mA h g ' and good cyclability, with nearly 100%
capacity retention after 1000 cycles. Specifically, a NiO/Ni/
graphene electrode has been used to create a sodium-ion
battery that exhibits exceptional rate capability and great
cyclability at a current density of 2 A g~', with a capacity of
207mAhg.

Qi et al."® conducted a thorough investigation that demon-
strates how ZrO, produced from UiO-66 effectively acted as a
protective layer to enhance the rate capability of the LiCoO,
cathode material. After 100 cycles, the resulting ZrO,@LiCoO,
hybrid cathode produced a reversible capacity of 148 mA h g~*
at a high current density of 2325 mA h g~ '. By contrast, the
capacity of pure LiCoO, dropped quickly to 20 mA h g™ . It is
noteworthy that after 100 cycles at 55 °C, the hybrid cathode
also showed a reversible capacity of 132 mA h g™, indicating
remarkable thermal stability. The improved structural stability
resulting from the ZrO, coating, which successfully reduced the
volume change of LiCoO,, may be responsible for the hybrid
cathode’s increased performance. Recently, Ziebel et al®’
reported the design of two iron semiquinoid frameworks based
on a deprotonated 2,5-dichloro-3,6-dihydroxybenzoquinone
(Cl,dhbgn™) ligand, namely (H,NMe,),Fe,(Cl,dhbq); (MOF 1)
and (H,NMe,),Fe;-(Cl,dhbq);(SO,), (MOF 2). Their findings
showed a notable difference in electrical conductivity of 2.6 x
10 for MOF 1 and 8.4 x 107> S ecm™ ' for MOF 2, respectively.
MOF 2 demonstrated a rapid capacitance degradation with
larger charging rates, along with a reasonable discharge capa-
city of 165 mA h g~ (90% of the theoretical value) in 0.1 m
LiBF, propylene carbonate electrolyte at a modest charging rate
of 10 mA g~ . On the other hand, MOF 1 retained a compara-
tively high capacity of 141 mA h g~ ' (72% retention) even at a
charging rate of up to 150 mA g, nearly 100% of its theoretical
capacity of 195 mA h g ' at 20 mA g '. Meanwhile, MOF
1 achieved a coulombic efficiency higher than 100% and
a benchmark-specific energy density of 533 W h kg ' at
20 mA g ..

Yang et al.'®* developed porous ZnCo,0, by carefully calcin-
ing Zn-doped MOF-74 at 400 °C. The substantial synergistic
impact between Zn and Co has resulted in improved specific
capacity, cycling stability, and rate capability of the developed
porous nanostructured ZnCo,0, when compared to Co;0,. It
was discovered that adding a doping step to the MOF synthesis
could result in metal/metal oxide complexes with improved
characteristics during the pyrolysis process.

They created Co-MOFs using various organic linkers (1,4,5,8-
naphthalene tetracarboxylic dianhydride (NTCDA) and
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)) after
realizing that CozO, had limited cycling stability and rate
capability. They then treated the Co-MOFs with an organic
amine solution before using calcination as a novel method to
overcome these limitations, as reported by Su et al'®® The
material that was developed demonstrated an improved capa-
city for lithium storage (1370 mA h g~ reversible capacity at a
mass normalized current of 100 mA g~ ') and this demonstrated
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that the synthesis process was possible for the fabrication and
manipulation of metal oxides/morphology. In addition, depos-
iting metal oxides on electro-conductive substrates can
enhance Co;0,’s electrical conductivity. Hu et al'°® carried
out an experiment using pyrolyzed Se-doped ZIF-67 to produce
CoSe nanoparticles enclosed in a hollow carbon shell. The as-
synthesised CoSe@C demonstrated outstanding cyclability by
maintaining 91.6% discharge capacity, benefiting from the
structural protection and charge transport channels supplied
by the hollow carbon matrix. In order to increase the theoretical
capacity, Zhang et al.”” used a newly developed MOF of Cu(2,7-
AQDC) (2,7-H,AQDC = 2,7-anthraquinonedicarboxylate), which
has separate redox activities at both Cu,(Ac), nodes and
anthraquinone ligands. This resulted in a high initial capacity
(147 mA h ¢~ ") (Fig. 6). Regrettably, there was a small capacity
decrease (~42 mA h g ") following a reversible capacity of
~105 mA h g~ ' in 50 cycles. The electroactive MOF cathodes
were also built using quinone-type ligands as well as a few
additional ligands, such as 1,2,4,5-tetraaminobenzene,'®” tetra-
thiafulvalene tetracarboxylic acid,'®® and tricarboxytriphenyl
amine."® Guo et al.''® used a Cu-Ni bimetallic MOF as the
precursor to create a binary metal oxide hybrid microsphere

2090 | Energy Adv., 2024, 3, 2079-2135

with multiple shells (CuO@NiO). Due to its distinct structure
and molecular makeup, the CuO@NiO hybrid microsphere
demonstrated a reversible capacity of 1000 mA h g~ * following
200 cycles, surpassing the theoretical capacities of CuO
(674 mA h g7") and NiO (718 mA h g™ "). In order to achieve
electrochemical Li storage, Ferey et al.''" studied the usage of
the MIL-53(Fe) cathode material to exploit mixed-valence states
of metals during discharge and charge. Due to the low density
of the material and the restricted amount of Li ions introduced,
the cathode exhibits a gravimetric capacity of 75mAh g~ " and a
volumetric capacity of 140 mA h L~'. MOFs have been
employed as precursors for the synthesis of metal oxides,
transition metal oxides, metal/metal oxides, and metal oxides/
carbon composites for LIB negative electrode materials in
addition to carbon materials. Yang et al.'** reported the pro-
duction of porous carbon-coated ZnO quantum dots by the
controlled pyrolysis of Zn,O-MOF-5. With a mass-normalized
current of 75 mA g ', the as-synthesised material demonstrated
a high reversible capacity of 1200 mA h g~*.

2.3.2 Lithium-sulfur batteries (Li-S). Lithium-sulfur (Li-S)
batteries are thought to be the most significant technologies
for the upcoming generation of electrochemical energy storage.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Li-S batteries have the potential to produce high energy den-
sities of up to 2600 W h kg™" and specific capacities of up to
1670 mA h g ".'"® Their high energy density and lightweight
design have drawn more and more attention in recent years.
Li-S batteries exhibit additional benefits over lithium-ion
batteries (LIBs), including reduced fabrication costs, environ-
mental friendliness, and widespread availability of the
electrode-active sulfur material. These benefits offset some of
the apparent benefits of sulfur, such as low cost, large natural
abundance, and non-toxicity. Additionally, Li-S batteries out-
perform the existing LIBs in terms of economic viability."** On
the other hand, before Li-S batteries are widely used in
electronic products and hybrid cars, there are a few issues that
need to be resolved. The well-known ‘shuttle effect”, which
results from the dissolution of intermediate products (i.e.,
polysulfides) in the organic electrolyte and causes electrode
deactivation and poor cycling performance, leads to the
following challenges, including low electrode utilization, poor
high-rate performance, and rapid capacity fade. To address
these problems, a Ni-MOF, {{Nis(BTB),(BP);}}, (BTB = benzene-
1,3,5-tribenzoate and BP = 4,40-bipyridyl), was chosen to
confine sulfur."” The typical charge and discharge behaviors
of the Ni-MOF/S electrode mentioned above were revealed by
galvanostatic charge and discharge tests. After 100 cycles, the
Ni-MOF/S composite has a high-capacity retention of 89% at a
current density of 0.1C (168 mA g !). The dissolution and
shuttle effects of polysulfides are inhibited by the hierarchical
porous structure of the Ni-MOF and the strong contacts
between Ni metals and polysulfides. The goal of this study is
to improve the cyclability of Li-S batteries by designing Li-S
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electrodes that include sulfur within the
mesoporous MOFs.

However, limited sulfur consumption and a lower perfor-
mance rate are caused by MOFs’ insulating characteristics. An
ionic sieve called the HKUST-1@GO separator functions as a
buffer against shuttling in Li-S batteries by selectively allowing
Li" ion transport while inhibiting polysulfide migration. The
HKUST-1@GO hybrid Li-S battery, used as an ionic sieve
membrane for Li-S batteries, was reported by Bai et al.'*® to
have low capacity-fading rates of roughly 0.019% per cycle
across 1500 cycles. Furthermore, Baumann et al''’ have
demonstrated how to optimize the size of nanocrystals in
HKUST-1. This is because the surface of the particle, which
has exposed Cu sites, increases the number of sulfur binding
sites on the external surface, reducing the particle size and
improving the capture of escaping polysulfides from the pores,
reducing their diffusion toward the anode. Higher sulfur load-
ing with larger nanocrystals, as illustrated in (Fig. 7), is never-
theless not advantageous to battery performance in this
scenario, despite the presence of capture sites on the surface.
Through cooperation, these elements can get past the inherent
mechanical brittleness and create a strong ionic sieve
membrane that effectively suppresses the shuttle effect. With
the MOF@GO hybrid-based separator, a low capacity decay rate
over 1500 cycles is guaranteed in a Li-S battery with the cathode
comprising a sulfur-functionalized mesoporous carbon mate-
rial (around 70% sulfur content). The HKUST-1 modified
separator did not degrade after cycling, according to He
et al.''® They reasoned that since almost all of the Cu sites

were occupied by oxygen groups, the quantity of Cu-S forms
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CuBTC, and S/C electrodes during a galvanostatic discharge of C/20. Yellow discoloration indicates the amount of leached polysulfide. (C) Coin cell

performance of 3 cells as a function of particle size, left: the average maximum capacity and right: the average capacity retention over 20 cycles.
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would be limited. Li et al.'™ disclosed the capacity reduction
resulting from irreversible Cu-S interactions in an additional
HKUST-1 modified separator. Liu et al'?® produced a 3D
monolith by inserting 20-100 nm HKUST-1 agglomerates or
200-400 nm ZIF-67 nanoparticles in a conductive polymer
hydrogel. The polymer hydrogel was able to permeate both
kinds of nanodomains, and their research showed that the
MOFs’ aperture openings ultimately determined the perfor-
mance. Compared to ZIF-67, which has a tiny pore opening of
0.34 nm, HKUST-1, with its large pore opening of 0.90 nm, was
more suited to encapsulate S8 (0.64 nm) and contain long chain
polysulfides (> 0.4 nm).

Xu et al.*** conducted an experiment, which demonstrated
the synthesis of sulfur-encapsulated hierarchically porous car-
bon nanoplates (HPCN) by one-step pyrolysis of MOF-5. The
nanoplates had a huge pore volume of 1.18 cm® g™, a high
specific surface area of 1645 m”> g~ ', and an average thickness
of about 50 nm. High specific capacity and superior cycle
performance are exhibited by sulfur contained in HPCN. With
a reversible capacity of 730 mA h g ', the hybrid cathode
demonstrated exceptional cycling performance after 50 cycles
at a current of 0.5C, with charging and discharging at 837.5 mA
h g~*. MOFs themselves, with their highly organized pores and
tunable porosity, can be used as ionic sieves in membrane
separators to lessen the shuttling impact of polysulfides, in
addition to the MOF-derived materials that are employed as the
sulfur hosts. Wu et al.'*” reported that the sulfur concentration
in the hybrid and the type of electrolyte have an impact on the
performance of MOF-derived carbon-sulfur hybrid cathodes in
Li-S batteries. Furthermore, Liu et al.'*® constructed lithium-
selenium (Li-Se) batteries using porous carbon spheres gener-
ated from a MOF. It is noteworthy that at ambient temperature,
Se has a substantially higher electrical conductivity than S (1 x
10° vs. 5 x 107*° § em "), which may accelerate the cathode
material’s rate of electron transportation. Cerium(wv) UiO-66
(Ce-MOF-1) and MOF-808 (Ce-MOF-2) nanoparticles (~ 180 nm)
produced on carbon nanotubes (CNT) were used in a study
conducted by Hong et al.">* to explore the possibility of open-
metal-site catalysis of long-chain polysulfide conversion. A high
sulfur loading of 6.0 mg cm” and an initial specific capacity of
993.5 mA h g~ ' at 0.1C were achieved by the MOF-808-based
hybrid, which consumed Li,Ss considerably better than the
CNT or UiO-66-based hybrid, which had no unsaturated coor-
dination sites at the Ce(wv) nodes.

Wu et al.**® have reported the development of MOF-derived
microporous carbon polyhedron (MCP) encapsulated PAN
nanofibers as an effective sulfur immobilizer for Li-S batteries.
This is because sulfur can be uniformly dispersed inside the
nanofibers and in the micropores of MCPs. A combination of
MCPs and PAN was electrospun to achieve the encapsulation
procedure, which was then achieved by loading sulfur through
a two-step reaction at 155 °C and 300 °C, respectively. The
enhanced S/MCPs-PAN composite, which had 52 wt% sulfur,
had a large reversible capacity of about 790 mA h g™ " at first,
which only slightly decreased to 789.7 mA h g~ " in the second
cycle. After 200 cycles, the discharge capacity remained at

2092 | Energy Adv, 2024, 3, 2079-2135
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666.2 mA h g~', demonstrating both good capacity retention
(84.4%) and high sulfur utilization (90.7%). According to Zhou
et al.,"*® the particle size reduces with increasing sulfur utiliza-
tion in a series of nanoscale ZIF-8 frameworks, with less than
20 nm providing a capacity of over 950 mA h g~' at 0.5C.
However, the best size for cycling stability (75% over 250 cycles
at 0.5C) was ~200 nm.

Furthermore, Hong et al.">” found that 100 nm-sized nano-
particles outperformed 200 nm-, 500 nm-, and 1 mm-sized
particles for a Cu-MOF that used both ligand Lewis acid sites
and node Cu sites for polysulfide interaction. Electrochemical
reactions only take place on the particle surface, where elec-
trons and Li ions are accessible due to the conductivity con-
straints of the MOFs in both scenarios.

2.3.3 Sodium-ion batteries (SIB). Even though Li-ion bat-
teries are the industry leaders in the energy market for portable
electronics, they still have a lot of drawbacks, including low
power density, safety concerns, and a lack of lithium resources
in the Earth’s crust. In addition, the price of Li-ion batteries is
very high due to the limited availability of lithium (20 ppm) on
Earth.'*® Furthermore, as noted by Hwang et al.,'”® large-scale
electrochemical energy storage systems (EESs) may also be
hampered by LIBs’ low power density and lack of safety.
Nevertheless, because of their lower energy density, short life-
span, and higher ionic properties to many electrode materials
that are appropriate for LIBs, SIBs are no longer able to
meet their needs.®* Due to these constraints, researchers
looked for appropriate electrodes for sodium-ion batteries
(SIBs) that exhibit electrochemical behavior similar to that of
lithium-ion batteries (LIBs). These electrodes were thought to
be a viable substitute for LIBs because of the low electroche-
mical cell potential (—2.71 V vs. SHE) and abundance of
sodium.""

While a number of materials, including Prussian blue,**?
transition metal oxides,*® and small organic molecules,"**
have been extensively employed as cathode materials for SIBs,
it is still difficult to find promising anode materials with a long
cycle life, high capacity, and high energy density. In this regard,
MOF-derived nanostructures offer a chance to develop SIB
anodes with superior electrochemical performance in a sustain-
able manner. For instance, numerous published studies on
Na, 4oMnFe(CN)¢Na, ;, MnFe(CN)s and KMFe(CN)s (M = Mn/
Fe/Co/Ni/Cu/Zn) have demonstrated that the insertion and
extraction of Na" would cause a reversible reduction or oxida-
tion of the metal ions.”** Zhang et al.’** developed a hollow
porous CuO/Cu,O octahedron and evaluated it as an anode for
SIBs using a different alternative Cu-BTC MOF as a template.
The results of the studies showed that calcination temperature
was critical to the CuO/Cu,O composite’s electrochemical
performance, and the optimized CuO/Cu,0-300 had good rate
capability, high capacity retention, and a long lifespan. A study
conducted by Yue et al."*® used the pore size and PBA shape to
determine the rate capability in SIBs. The analysis of the
KNiFe(CN)g/t series (¢ = 2, 18, and 72 h) revealed that the
presence of big pores would make sodium ion transport
significantly easier.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Park et al.™” reported the integration of a 2D ¢c-MOF of Co-
HAB (hexaaminobenzene) into high-power SIBs (Fig. 8(a) and
(b)). HAB is a good candidate for primary design concepts for
high-performance electrode materials since it can theoretically
undergo a redox reaction involving up to six electrons and has
the largest concentrations of redox centers. Co-HAB electrodes
provided a specific capacity of 201 mA h ¢! at 50 mA g~ " and
continued to maintain a capacity of 226 mA h g~ " at a higher
current density of 500 mA g~ ' after over 50 cycles with a
coulombic efficiency of nearly 100% (Fig. 8(c) and (d)). Zhang
et al.™*® reported the production of a porous CoFe,0, nanocube
from the CoFe-PBA (Prussian blue) precursor. For a current
density of 50 mA g~', the sample showed a capacity of
394 mA h g ' and a capacity retention of 91.4%. Upon
500 cycles, a maximum capacity of 152.6 mA h g~ ' was retained,
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despite the high current density of 2.5 A g . In order to create
MnFe,0, hollow microboxes, Guo et al."*° additionally utilized
MgFe-PBA as a precursor. Examined as an anode for SIBs, the
as-prepared MnFe,O, demonstrated good rate capability
and cycle stability. With a theoretical specific capacity of
312 mA h g, the Co-HAB was able to store three electrons per
HAB unit in addition to three sodium ions, indicating that the
redox-active sites of the HAB had been nearly fully used. Further-
more, Kaneti et al.'*® reported the synthesis of a Ni-doped Co/
CoO/N-doped carbon (NC) hybrid employing bimetallic Ni-Co-ZIF
as the precursor. The resulting Ni-doped Co/CoO/NC hybrid is
very porous and has a specific surface area of 552 m* g~ . As an
electrode for SIBs, this hybrid may provide a discharge capacity of
218 mA h g ' at a high current density of 500 mA g~ 