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A B S T R A C T   

Metal-organic frameworks (MOFs) are extensively studied nanomaterials known for their advantageous prop
erties, including good porosity and high surface area. MOFs have garnered significant attention for their role as 
templates in producing tailored MOF-derived nanomaterials in the realm of energy storage devices. These MOF- 
derived materials, encompassing metal oxide, porous carbon, and metal oxide@C composites, have exhibited 
outstanding performance in energy storage devices. While the application of MOFs in deriving phosphides, 
sulfides and selenides has gained interest, it remains an area with untapped potential. This review provides a 
comprehensive overview of MOF’s evolution from their pristine form to highly functionalized MOF derived 
composites. Specifically, we delve into present methodologies, challenges, and opportunities for creating MOF 
derived composites. The distinct advantages of composites derived from MOF are investigated within the context 
of electrochemical applications, encompassing a range of batteries, involving lithium (Li), sodium (Na), and 
potassium (K)-ions. In conclusion, the review addresses the existing challenges and outlines the future prospects 
for MOFs in their journey towards commercialization within the energy storage field.   

1. Introduction 

In the late 1990s, Professor Omar Yaghi pioneered the development 
of microporous metal-organic frameworks (MOFs) [1]. These MOFs are 
self-assembled structures prepared by coordinative bonds involving 
organic ligands and metal ions (Fig. 1a). Their architecture is charac
terized by binding organic molecules with metal ions to form alternating 
layers. This exceptional arrangement provides the distinct structures 
with governable channels, offering a wide range of functional proper
ties. Consequently, extensive research efforts have been dedicated to 
MOF synthesis [3–5], as well as the exploration of their diverse prop
erties, structures, and applications [6–8]. Since their initial discovery, 
MOFs have captured substantial attention within the scientific com
munity (Fig. 1b). Importantly, researchers have extensively investigated 
various combinations of metal ions and linkers, resulting in the devel
opment of MOFs characterized by specific porosity and tailored 

properties [8–10]. Among the most renowned structures of MOF, ZIF-7 
has attracted considerable interest owing to its substantial surface area, 
exceptional chemical and thermal stability, distinctive phase transitions, 
and the fascinating “gate-opening” mechanism, among other remark
able characteristics [11]. ZIF-7 can be readily synthesized using straight 
forward methods, including microwave synthesis [12] or via the water- 
in-oil microemulsion approach [13]. Its applicability has highly pre
dictable in membrane technology [14], especially in the processes like 
CO2/CH4 separation [15] and H2 separation [16]. Another MOF that has 
been extensively researched is MIL-101, notable for its impressive 
Langmuir surface area, which can reach up to 5500 m2.g− 1 [17]. This 
MOF has found utility in various fields, including catalysis, biosensors, 
drug delivery systems, membranes, and battery technology [18–20]. 
Given the environmental concerns associated with chromium, re
searchers have explored several metal analogs of MIL-101, such as va
nadium, aluminum, iron, manganese, and titanium, as alternatives [21]. 
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Over the past few decades, MOFs have garnered significant attention 
for their tailored porous structures and exceptional crystalline proper
ties, particularly in the catalysis and gas storage fields [22]. The utili
zation of MOFs as initial template to derive nanomaterials has become 
increasingly prominent, especially in scenarios where pristine MOFs 
face practical limitations. In recent times, the energy storage field has 
harnessed MOFs as initial template or precursors to produce metal-based 
composites or porous carbon (PC) with multifunctional properties 
[23,24]. These materials have been explored in various energy storage 
sectors encompassing supercapacitors and batteries [25,26], demon
strating promising features like enhanced material durability, superior 
rate capability, increased cycle stability, and high specific capacity. 
Furthermore, the tunability inherent in MOFs make them a valuable 
resource for crafting electrocatalysts with precisely designed multiscale 
structures. Such electrocatalysts exhibit remarkable performance in 
electrochemical activity in terms of durability, selectivity, and stability 
[27]. 

In this comprehensive review, our primary attention centers on 
elucidating the intricate structure-property relationships that emerge 
during the development of MOF materials. We delve into their trans
formative journey from MOFs to MOF derived nanomaterials, and their 
pivotal role in advancing electrochemical energy storage systems as 
depicted in Fig. 2. Our review takes a holistic approach, encompassing 
the evolution of MOFs from their inception as single metal core mate
rials to their subsequent progression into binary, ternary metal core, and 
hybrid materials. Furthermore, we meticulously examine their utiliza
tion as precursors for generating a diverse array of MOF-derived nano
materials. These encompass a spectrum of materials derived from MOFs, 
including metal oxides, porous carbon, metal oxides@carbon compos
ites, metal chalcogenides, metal phosphides, and metal chalcogeni
des@carbon composites. Our central discourse revolves prominently 
around MOF-derived metal compounds emphasizing their pivotal roles 
in the realm of energy storage systems. This encompasses their appli
cations in batteries involving lithium (Li)-, sodium (Na)-, and potassium 
(K)-ion batteries. Ultimately, we conclude this review by contemplating 
the potential and prospects of MOF derived materials in shaping the 
future of energy storage technologies. 

2. Development of MOFs and their derived materials 

MOFs have garnered worldwide attention and have distinguished 
themselves through their diverse array of organic ligands and metal ion 
cores. The inception of MOF structures can be traced back to pioneering 

experimental reports, which initially revolved around copper or cobalt 
as the central metal ions. Since then, the realm of MOFs has witnessed a 
remarkable expansion, encompassing well over a thousand distinct 
variations. As the exploration continued, there arose a pivotal juncture 
in the evolution of MOFs. This transition involved replacing the central 
metal core with a repertoire of first-row transition metals, including but 
not limited to nickel, iron, calcium, zinc, cadmium, magnesium, and 
barium. These subsequent iterations of MOFs revealed a fascinating 
propensity-the ease with which their structures could be synthesized and 
the capacity to impart novel sets of properties and functionalities. Over 
the years, the trajectory of material development has been nothing short 
of remarkable. Starting from single-metal cores, the evolution naturally 
progressed towards the adoption of bi/trimetallic cores as depicted in 
Fig. 3. This transformative shift allowed for the introduction of binary or 
ternary combinations of diverse/same metals. Importantly, this expan
sion didn’t compromise the structural integrity of MOFs [28,29]; in fact, 
it often resulted in enhancements [30]. The synergistic amalgamation of 
multiple metals within MOFs has yielded remarkable benefits. This in
cludes a reduction in energy barriers in electrocatalysis [31,32], the 
incorporation of multiple redox-active sites, and the promotion of 
enhanced conductivity for applications in batteries and supercapacitors 
[33,34]. 

Nevertheless, pristine MOFs exhibit inherent limitations, notably 
poor conductivity, and structural degradation during charge-discharge 
cycles [35,36]. To circumvent these challenges, innovative strategies 
have been devised, capitalizing on unique MOF structures. For instance, 
the adoption of hollow structures has proven effective in enhancing 
diffusion in catalysts and mass transfer [37,38]. Likewise, oriented 
structures have demonstrated the ability to promote the creation of 
superior electrochemically active sites as depicted in Fig. 4 [39,40]. 
Continual scientific advancements have unveiled MOFs as versatile 
precursors, capable of giving rise to a diverse array of materials, con
taining porous carbon, oxides/chalcogenides/phosphides of metals, and 
more [41,42]. This has not only preserved sophisticated structures but 
has also imbued them with tailored functional properties. Furthermore, 
the exploration of hybrid materials and composites has expanded hori
zons by integrating MOFs with carbon and other materials [43–45], thus 
propelling the MOF derived nanomaterials development. This portion 
will delve into the MOFs evolution over the years and their established 
properties. Key focal points within this section encompass the organic 
ligands and metal core, the transition from single to multiple cores of 
metal, oriented and structured MOFs, and hybrid MOF derivatives. 

Fig. 1. (a) Illustration of 3 fields of MOF chemistry. Adopted with permission from Ref. [2], Copyright 2020, Springer Nature. (b) The data collected from the web of 
science by selecting the keyword “Metal-organic framework” (up to September 29, 2023). The publications number of metal-organic frameworks increases every year 
since 1995. 
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2.1. Metal core and organic ligand 

The diverse arrangements of metal ions and organic linkers have 
unveiled an array of versatile MOF properties. These properties, 
dependent on the linker utilization, yield varying pore characteristics, 
ranging from the existence of accessible cages/tunnels to adjustable 
pores. This diversity significantly impacts the MOFs selectivity and 
multifunctionality. One exemplary MOF extensively investigated is the 
family of zeolitic imidazolate frameworks (ZIFs), synthesized using Zn 
ions and various imidazolate linkers, as illustrated in Fig. 5a [46]. This 
family has been thoroughly scrutinized by Banerjee et al. [47], who 
meticulously examined the structures and preparation of 25 distinct 
ZIFs. Notably, they highlighted the tunability of key parameters such as 
Langmuir surface area (Fig. 5b) and pore diameter. For instance, ZIF-68 

exhibited a pore diameter of 10.2◦A and a Langmuir surface area of 
1220 m2.g− 1, while ZIF-69 featured 7.2◦A and 1070 m2.g− 1, and ZIF-70 
boasted an impressive 15.9◦A and 1970 m2.g− 1. These tunable charac
teristics led to various responses in selectivity of gas separation. 

Similarly, by varying the metal cores while using the same linker, 
MOFs have displayed a range of structures and porous characteristics. As 
depicted in Fig. 6, this variation in metal cores results in distinct to
pologies, specific pore sizes, and accessible surface areas when tereph
thalic acid is employed as the linker [48]. Terephthalic acid, with its 
linear rod-like structure, acts as the linking element between the metal 
centers, which serve as nodes in the framework. 

In terms of ligands, numerous metal centers can be connected, giving 
rise to a variety of structures based on the number and orientation of 
their linking sites. This diversity has led to the discovery of various 

Fig. 2. Schematic outline of the review.  

Fig. 3. Progress of the development of MOF with metal cores.  
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MOFs, as illustrated in Fig. 7. For example, MOF-5 features tetranuclear 
nodes arranged in an octahedral configuration, resulting in the whole 
cubic structure. On the other hand, the MIL-101(Cr) comprises trimeric 
Cr (III) octahedral clusters interconnected by 1,4-benzenedicarboxylate 
ligands. The 3D structure of MIL-101(Cr) is highly porous, with an 
impressive BET surface area exceeding 3000 m2.g− 1 and large pores 
measuring 29 and 34◦A [50]. The victory in replacing Cr in MIL-101 has 
paved the way for the exploration of other metal analogs, including 

titanium, iron, aluminum, vanadium, scandium, and manganese [51]. 

2.2. Single to multiple metal core 

The adaptability of MOFs in accommodating different metal centers 
has led to significant advancements in altering their properties and 
structures for specific applications in materials engineering. MOFs offer 
a broad variety of advantages ranging from designing material 

Fig. 4. Progress of MOF development with structures (purple line) and derivatives (dark purple line). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 5. (a) Preparation of ZIF-7, ZIF-8, and ZIF-90 from imidazolates and a Zn ion. Adopted with permission from Ref. [46], Copyright 2016, MDPI. (b) The N2 
adsorption-desorption study for heterolinked ZIF-68, 69, and 70 at 77 K. Adopted with permission from Ref. [47], Copyright 2008, Science. 

Fig. 6. The careful choice of organic ligand, often linear as in the case of terephthalic acid, and the arrangement of metal clusters determine the desired topology. 
Each framework topology comes with its unique pore size and surface area. Adopted with permission from Ref. [48], Copyright 2019, MDPI. 
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structures to imparting important properties for targeted applications. 
For instance, Gwon et al. [52] investigated the therapeutic potential of 
hydrogels infused with MOFs containing glutarate and 1,2-bis(4-pyr
idyl) ethylene linkers. The hydrogel@MOF composites, each incorpo
rating various metal centers within the MOF, exhibited distinct 
properties, including surface areas and dimensions. Specifically, Cu- 
MOF 1 featured a 3D structure, Co-MOF 2 had a 2D structure, and Zn- 
MOF 3 displayed a 3D-type structure formed through hydrogen 
bonding (Fig. 8a). These structural differences among MOFs with 
different metal centers performed a crucial task in calculating the 
released metal ions amount (Fig. 8b). The ions release was estimated in a 
0.9 % saline liquid at ambient atmosphere, with the highest release 
observed for hydrogel@Co-MOF 2, reaching 5.6 ppm after 48 h. Tran 
et al. [53] synthesized a novel series of isostructural MOFs denoted as M- 
MOF-184 (Fig. 8c), where M represents different metal centers (M = Mg, 
Ni, Co, Zn, Cu, Fe) and EDOB4− stands for 4,4′-(ethyne-1,2-diyl)bis(2- 
oxidobenzoate). Each M-MOF-184 framework, formed with varying 
central metals (M = Mg, Co, Ni, Zn), exhibited high porosity and 
available mesopore channels. Additionally, these materials possessed 

substantial surface areas (3200 m2.g− 1), with Mg-MOF-184 showcasing 
the ultimate surface area (4000 m2.g− 1). The catalytic activity of M- 
MOF-184 was estimated in the cycloaddition of CO2 (Fig. 8d). Among 
these, Zn-MOF-184 exhibited exceptional catalytic mechanism, 
including a high epoxide conversion rate (96 %), yield (82 %), and 
selectivity (85 %). In an additional investigation [54], three different M- 
MOF-74 structures, where M = Zn, Co, and, Cu demonstrated a range of 
properties, containing varying thermal stability (Cu < Co < Zn) 
(Fig. 8e), surface area (Zn < Co < Cu) (Fig. 8f), and catalytic action (Zn 
< Co < Cu) (Fig. 8g). There is good agreement on the temperature values 
at which the different M-MOF-74 decomposition takes place as well as 
on the shape of the TGA plots and for the linker/residual weight ratio. 
The thermal stability of any of these samples (decomposition of the less 
stable Cu-MOF-74 starts above 225 ◦C under air flow) should in principle 
be enough for being used as catalysts in the conversion of styrene to 
benzaldehyde under the reaction conditions of this work below 82 ◦C. 
This ability to tailor the central metal atom in MOFs not only adjusts 
their structure and porous nature but also results in improved properties 
tailored for specific advancements. 

Fig. 7. Various research groups have endeavored to create porous MOFs with the goal of accommodating and retaining chemical species within their channels and 
pores. Adopted with permission from Ref. [49], Copyright 2015, Royal Society of Chemistry. 
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By restructuring the main metal ion in MOFs, scientists have ach
ieved the preparation of MOFs with a variation of metal centers, 
allowing the infusion of two or more metals while preserving the overall 
structural integrity. Two scenarios are possible for the spatial organi
zation of two metals in the framework [55]: initially, two separate 
metals coexist within the identical secondary building unit (SBU) and 

are distributed all over the MOF configuration (Fig. 9a). Next, each SBU 
contains an identical type of metal, and the two separate SBUs are 
incorporated within the MOF configuration (Fig. 9b). This enables the 
uniform arrangement of metals within the porous framework, proposing 
chances for multifunctionality, and finely tuned properties [56,57]. 
Heteroatoms at the core of MOFs are able to yield useful hybrid 

Fig. 8. (a) 3D framework of Cu-MOF 1, the 2D structure of Co-MOF 2, and the hydrogen bonded 3D-like structure of Zn-MOF 3. (b) Concentration of MII released 
from 1 mg of hydrogel without the MOF and MOF-embedded hydrogels in 1 mL of 0.9 % saline solution. Adopted with permission from Ref. [52], Copyright 2020, 
American Chemical Society. (c) Crystal structure of M-MOF-184. Infinite, rod-shaped metal clusters, M3[(O)3(− CO2)3]∞ (where M = Mg, Co, Ni, Zn, Cu, Fe), are 
joined with EDOB4− linkers to form M-MOF-184. (d) Time-dependent yield of styrene carbonate catalyzed by M-MOF-184 (M = Mg, Co, Ni, Zn, Cu, Fe). Adopted with 
permission from Ref. [53], Copyright 2020, American Chemical Society. (e) TGA plots, (f) N2 adsorption/desorption study at − 196 ◦C of the Co-, Cu- and Zn-MOF-74 
products. (g) Kinetics of the yield to benzaldehyde from styrene oxidation for the various M-MOF-74 materials formulated at ambient atmosphere in methanol. 
Further, a blank investigation without a catalyst is incorporated for evaluation. Adopted with permission from Ref. [54], Copyright 2021, Elsevier B.V. 
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properties, containing novel topologies, modified porous structures, 
improved conductivity, and enhanced redox activity [58]. For instance, 
Kaur et al. [59] synthesized CoxZn100-x-ZIF-8 (x = 0–100) based ZIFs 
with changing Co content (x = 0, 25, 50, 75, 90, and 100) (Fig. 9c). 
Surprisingly, no structural alterations were monitored, indicating the 
effective integration of numerous metals without changing the initial 
framework. The subsequent Co-substituted ZIF-8 (Co75Zn25-ZIF-8) 
exhibited an increased surface area, approximately 40 % higher than the 
Zn-ZIF-8. Notably, by adjusting the Co and Zn precursor contents, the 
different metal ratios in the CoZn-ZIF-8 led to improved H2 and CO2 
uptake capacities. 

Multiple metals can be introduced into the MOF utilizing various 
methods, such as employing organic linkers with added metal binding 
sites (Metallo ligands), post-synthetic ion exchange during single pot 
production [60,61]. For instance, the connection in chemical valence 
states and atomic radius between Ni and Co enables the in-situ substi
tution of metal elements when synthesizing multiple metal MOFs in a 
single pot preparation [62]. As depicted in Fig. 10a, the amount of metal 
substitution can be finely tuned by adjusting the primary molar ratio of 
Ni2+ and Co2+ without altering the initial MOF’s structure (Fig. 10b). 
The yolk-shell structure of Co-Ni-Fe-type MOFs has demonstrated sig
nificant victory in achieving efficient trimetallic integration within the 
MOF framework (Fig. 10c), leading to improved surface properties and 
increased electrochemical performance [63]. Other Co/Ni/Fe-type 
MOFs have revealed effectiveness in applications such as adsorbents 
[64], electrochemical sensors [65], and electrocatalysts [66–68]. 

2.3. Hybrid MOF 

Hybrid structures in materials engineering are often designed to 
harness the advantageous properties of a material while mitigating its 
limitations by initiating a complementary secondary material. This 
approach aims to combine the strengths of each component. For 
instance, carbon, known for its large surface area and cycle life but with 
a low specific capacitance, can be paired with a metal oxide possessing 
strong redox activity but is electrochemically less stable over extended 
cycles [69,70]. Similarly, MOFs are frequently integrated with other 
materials to enhance their properties. These combinations result in 
hybrid materials like MOF-MOF composites [71–73], MOF-polymer 
blends [10,74,75], MOF‑carbon hybrids [76–78], and more. As an 
illustration, Fe-Co-Ni MOF was synthesized with a tri-layer structural 
design using a layer-by-layer (LbL) assembly technique (Fig. 11a, b) 
[79]. In this controlled electrodeposition process, the Fe-MOF layer was 
grown initially on Ni foam (NF), followed by the sequential addition of 
solutions comprising precursors for the second (Co) and third (Ni) 
layers, all linked together by 2-amino-terepthalic acid connectors. In 
comparison to the less-ordered mixed metal Fe-Co-Ni MOF synthesized 
by electrodeposition, the tri-layer Fe-Co-Ni MOF exhibited a highly 
organized reticular structure. Tailoring catalytically active sites in an 
LbL fashion affords a highly porous material that exhibits excellent tri
functional electrocatalytic activities towards the hydrogen evolution 
reaction (ƞj=10 = 116 mV), oxygen evolution reaction (ƞj=10 = 254 mV), 
as well as oxygen reduction reaction (half-wave potential = 0.75 V vs 
reference hydrogen electrode) in alkaline solutions. The dispersion- 
corrected DFT calculations suggest that the prominent catalytic activ
ity of the LbL MOF towards the HER, OER, and ORR is due to the initial 

Fig. 9. (a,b) Two spatial assemblies of metals in bimetallic MOFs and their SBUs. Adopted with permission from Ref. [55], Copyright 2020, Royal Society of 
Chemistry. (c) Schematic representation for the preparation of CoZn-ZIF-8. Adopted with permission from Ref. [59]. Copyright 2016, Royal Society of Chemistry. 
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negative adsorption energy of water on the metal nodes and the elon
gated O–H bond length of the H2O molecule. The Fe-Co-Ni MOF-based 
Zn-air battery exhibits a remarkable energy storage performance and 
excellent cycling stability of over 700 cycles that outperform the com
mercial noble metal benchmarks. When assembled in an asymmetric 
device configuration, the activated carbon//Fe-Co-Ni MOF super
capacitor provides a superb specific energy and a power of up to 56.2 W 
h kg− 1 and 42.2 kW kg− 1, respectively. This work offers not only a novel 
approach to prepare an LbL assembled multi-metallic MOF but also 
provides a benchmark for a multifunctional electrocatalyst for water 
splitting and Zn-air batteries. 

In another investigation, hybrid structures of CNTs@MOF were 
fabricated by densely packing ZIF-8 MOF onto carbon nanotubes (CNTs) 
through an in-situ growth process to create hybrids, followed by drying 
and shrinkage (monolithic densification) at room temperature [80]. 
When the ZIF-8 content was relatively low (50 wt%), ZIF-8 partially 
covered the CNTs, leaving noticeable voids and spaces within the 3D 
CNT network (Fig. 11c). On the other hand, when the ZIF-8 content was 
increased to 80 wt%, as shown in the SEM image in Fig. 11d, a denser 
structure with the entire agglomerated monoliths formation was 
observed. These structures were then altered to allow the infiltration of 
sulfur (S) through the pores of the MOF hybrids. Remarkably, the S- 
infiltrated CNTs@ZIF-8 electrode (comprising 50 wt% of ZIF-8 and 40 
wt% of S) maintained the higher specific capacity (1480 mAh g− 1) than 
the electrode with a very high ZIF-8 amount (80 wt%) (580 mAh g− 1) 

(Fig. 11e). This observation underscores the importance of optimizing 
the carbon-to-MOF ratio for achieving the desired electrochemical per
formance. MOF-polymer hybrids have also demonstrated excellent 
processability, making them appropriate for latest protective textiles. 
Specifically, robust, and flexible MOF-polymer hybrids composed of 
UiO-66 and UiO-66-NH2 incorporated with PUU composites (Fig. 11f) 
were prepared using an electrospinning technique [81]. Fig. 11g 
showcases the UiO-66-NH2/PUU electrospun nanofiber (NF) composites 
covering 20 wt% of MOF. Furthermore, when evaluated against the 
simulant of a chemical warfare agent, dimethyl-4-nitrophenylphosphate 
(DMNP), UiO-66 and UiO-66-NH2 incorporated into mixed matrix 
membranes with PUU displayed outstanding strength and ductility. The 
exceptional processability of these hybrid composites, combining MOFs 
and polymers, for spinning into fibers, along with their high strength 
and flexibility, positions them as highly promising materials for appli
cations necessitating personal protective equipment (PPE) in countering 
chemical threats. 

2.4. Hierarchical structures of MOF 

The wide range of available metal and organic linker precursors has 
conferred upon MOFs their unique structures and customizable prop
erties. By combining these metal nodes and organic linkers, MOFs 
display remarkable structural versatility, allowing for the precise design 
of architectures with controlled features and functional groups. Similar 

Fig. 10. (a) Schematics of the preparation mechanism and (b) XRD analysis of Ni/Co-MOF with various Ni/Co molar ratios. Adopted with permission from Ref. [62], 
Copyright 2021, Royal Society of Chemistry. (c) TEM analysis of Fe-MIL-101-NH2, NiFe/CoFe/CoNiFe-MOFs. Adopted with permission from Ref. [63]. Copyright 
2021, Elsevier B.V. 
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to carbon, which can exist as either fullerene (0D) or graphite (3D), 
MOFs can be engineered to exhibit various dimensionalities, including 
0D, 1D, 2D, and 3D structures (Fig. 12). This diversity in structural 
orientations proves especially valuable in functions that demand 
distinctive properties. For example, hierarchical structures are highly 
effective at maximizing surface area while sustaining an integrated 
framework capable of accommodating numerous electrochemical pro
cesses [82]. Conversely, cage type structures excel at trapping com
pounds, making them valuable in applications that require separation 
processes [83]. On the other hand, shape-tuned structures portray a 
pivotal task in enhancing the electrochemical active surface area, 
enhancing wettability and modifying the current density of reactions, 
especially in batteries [84]. 

MOFs initially take shape based on the coordination of metal nodes 

and SBUs, which determine their primary configuration. As an illustra
tion, MOF-5 is constructed using an oxide of metal, denoted as a 0D dot 
(Fig. 13a) [93]. Several benchmark MOFs featuring metal-oxide SBUs in 
a 0D form consist of MOF-177 (Fig. 13b) [85], MOF-199 [94], and 
quantum-sized carbon nanodots derived from ZIF-8 [95]. These 0D 
structures serve as fundamental building blocks that can be constructed 
and interconnected to form 1D/2D/3D networks. MOFs can be tailored 
with unique ligand connectivity and topologies by employing various 
organic ligands. For example, a flexible link-exchange approach was 
utilized to convert a 0D Cu coordination polyhedron, known as a metal- 
organic polyhedron (MOP-1), into MOFs of various dimensions [96]. 
This transformation involved the conversion of 0D MOP-1 into a 1D Cu 
MOF by 1-methylimidazole. Subsequently, the 1D Cu MOF was further 
transformed into 2D/3D open frameworks employing 3,5-pyridinedicar
boxylic acid (3,5-PDC) and biphenyl-3,3′,5,5′-tetracarboxylic acid 
(BPTC), respectively, all through a single-crystal to single-crystal 
transformation process. 

In the pursuit of preparing 0D MOFs, another approach involves the 
size reduction of bulk structures. For example, a 0D class MOFs depends 
on bimetallic Ni–Fe was successfully synthesized, showcasing excellent 
electronic and structural properties [86]. Initially, the bulk MOF was 
synthesized conventionally using Ni and Fe salts along with organic 
linkers. To transform it into a 0D structure, mechanical grinding fol
lowed by ultrasonication was employed. This process facilitated the 
organic hydrocarbon and inorganic metal‑oxygen layers destabilization, 
leading to the formation of NiFe-MOF particles with an average size of 
5.5 ± 1.8 nm (Fig. 13c). This 0D MOF exhibited promising character
istics as an electrocatalyst for transforming atmospheric N2 to valuable 
NH3, displaying great faradaic efficiencies and rapid NH3 production 
rates. 

Yolk-shell structures represent a category of 0D architectures [97], 
offering novel design possibilities and architectural features. One 
commonly employed method for creating yolk-shell structures is 
template-based approach, where the core is deliberately maintained or 
separated. In the case of hollow structures, various mechanisms beyond 
template mediation can be utilized, including thermal decomposition, 

Fig. 11. (a) LbL architectures for the preparation of multi-functional MOFs demonstrating the subsequent deposition of Fe, Co, and Ni MOF layers, (b) side view SEM 
picture indicating the effective deposition of 3 MOF layers on the NF. Adopted with permission from Ref. [79], Copyright 2022, American Chemical Society. (c, d) 
SEM analysis of CNTs@ZIF-8 hybrids revealing reliable structure evolution with strengthening MOF amount from 50 to 80 wt%. (e) GCD analysis at 0.2 C rate of the 
CNTs@ZIF-8 hybrids. Adopted with permission from Ref. [80], Copyright 2019, Royal Society of Chemistry. (f) General overview of the poly (urethane urea) (PUU) 
polymer, and schematics of the MOF-PUU composites. (g) SEM picture of 20 wt% UiO-66-NH2/PUU electrospun NF composites. Adopted with permission from 
Ref. [81], Copyright 2021, American Chemical Society. 

Fig. 12. Hierarchical structures derived from MOF.  
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Ostwald ripening, the Kirkendall effect, ion exchange, galvanic 
replacement, and more [98]. For example, the Kirkendall effect lever
ages the differential ions diffusion rates and was utilized to fabricate 
hollow Co-MOF-74 structure (Fig. 13d) [87]. Primarily, solid Co pre
cursor nanorods (NRs) were prepared with the assistance of PVP and 
alcohol. The conversion to hollow structures was achieved via intro
ducing a DMF solution of H4DOBDC. Consequently, the hollow structure 
emerged owing to the varying Co2+ diffusion rates and linker ions over 
time. 

The structure and growth of 1D nanomaterials are significantly 
persuaded by different physicochemical parameters, including temper
ature, pH, pressure, molar ratio of the reactants, metal precursor, and 
the reactant concentration [99]. Different synthetic strategies can be 
employed to prepare 1D MOFs, either through template-free methods 
[100] or template-assisted approaches [101]. For instance, growth- 
controlled method for 1D ZIF-8 was developed via interfacial prepara
tion templated using nano porous polymer membranes [88]. By 
adjusting the membrane template pores size, as well as the type of Zn 
salts and concentration, discrete ZIF-8 morphologies were effectively 
obtained. For example, when using Zn (NO3)2, ZIF-8 grew as poly
crystalline solid NRs within membrane pores of 100 nm (Fig. 13e), 
single-crystalline nanowires (NWs) with the size of 30 nm membrane 
pores (Fig. 13g), and hollow nanotubes (NTs) within 100 nm membrane 
pores when zinc acetate was employed (Fig. 13f). The application of 
size-confinement templating techniques in the growth of MOF structures 

offers a precise and meticulously controlled approach to attain specific 
1D structures. 

2D structures possess versatile properties compared to structures of 
other dimensions like 0D, 1D, and 3D. These properties include a large 
surface area, atomic-level thickness, and high surface-to-volume ratios 
[102]. Such attributes make them highly appealing for use in numerous 
applications like flexible electronics, membranes, and energy storage 
[103–105]. ZIFs and MOFs, renowned for their substantial surface areas, 
are frequently employed as precursors for synthesizing nanomaterials. 
Alongside their preparation, additional components can be presented to 
provide numerous redox behaviors while preserving strong structural 
properties. For example, initially, ZIF-67 had a rhombododecahedral 
structure [89]. However, the structure transformed into a 2D hollow 
spherical form with the introduction of Ni and Co ions (Fig. 13h). The 
LBL assembly of NFs in Ni/Co-MOF led to higher capacitance, enhanced 
rate capacity, and increased electrocatalytic activity compared to Ni- 
MOF and its parent ZIF-67. In another approach to crafting 2D MOFs, 
PVP was employed to manipulate the vertical growth of MOF crystals 
[90]. This method successfully yielded 2D square type NSs of Co-MOF 
with an intrinsically electropositive zeta potential (Fig. 13i). These 
NSs were subsequently combined with electronegative graphene oxide 
(GO) to create a conductive and flexible 2D MOF/rGO paper type 
electrode through electrostatic self-assembly. Also, 2D MOFs have found 
applications in perovskite/MOF sheets [106], MOF/graphene de
rivatives [107], and various other areas. 

Fig. 13. Pictorial overview of MOFs having metal-oxide SBUs that are (a) MOF-5 and (b) MOF-177 (0D: Zn4O(CO2)6). Adopted with permission from Ref. [85], 
Copyright 2008, Elsevier B.V. (c) HRTEM and the equivalent particle size distribution analysis of the NiFe-MOF. Adopted with permission from Ref. [86], Copyright 
2020, Royal Society of Chemistry. (d) TEM analysis of hollow Co-MOF-74 NRs. Adopted with permission from Ref. [87], Copyright 2018, American Chemical Society. 
TEM analysis of (e) ZIF8–100-N, (f) ZIF8–100-A, and (g) ZIF8–30-N NRs. Adopted with permission from Ref. [88], Copyright 2018, Wiley VCH, Janus. (h) TEM 
analysis of Ni/Co-MOF NFs. Adopted with permission from Ref. [89], Copyright 2018, Wiley VCH, Janus. (i) SEM analysis (inset shows the side view) of Co-MOF NSs. 
Adopted with permission from Ref. [90], Copyright 2018, Royal Society of Chemistry. (j) SEM analysis of Co-N-C/SeS2 composites. Adopted with permission from 
Ref. [91], Copyright 2018, Royal Society of Chemistry. (k) SEM analysis of CNT networks confined within larger ZIF-8 referred to as L-ZIF-8@CNTs. Adopted with 
permission from Ref. [92]. Copyright 2018, Wiley VCH, Janus. 
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MOFs have proven greatly valuable as precursors for the growth of 
transition metal compounds owing to its precisely stated porosity and 
morphology. A notable example involves a 3D MOF, ZIF-67, with a 
polyhedral structure, serving as a template for crafting a porous N-doped 
graphitic carbon (GC)-Co scaffold known as Co-N-C [91]. In this process, 
the Co particles portion was etched from the MOF, creating channels 
within the structure. These channels were then loaded with S and sele
nium (Se) nanoparticles (NPs) using a straightforward melting diffusion 
method. Effective immobilization of SeS2 within the porous channels 
was confirmed by the absence of SeS2 particles on the surface, indicating 
successful impregnation (Fig. 13j). This well-designed 3D structure 
played a critical role in immobilizing lithium polysulfide/polyselenide 
species, effectively mitigating the volume expansion of S–Se during 
charge/discharge cycles in Li–S battery (LSB) applications. Besides, 
researchers achieved the in-situ growth of freestanding 3D networks 
consisting of porous electrodes derived from MOFs and CNTs through a 
solvothermal reaction [92]. Illustrated in Fig. 13k are the monolithic 

ZIF-8@CNT composites, where the ZIF-8 particles size grown in-situ was 
precisely controlled to approximately 500 nm via adjusting the con
centration of precursor, referred to as L-ZIF-8@CNTs. These L-ZIF- 
8@CNTs operated as hosts for S loading and exhibited outstanding 
performance in LSB applications. Various other 3D structures derived 
from MOFs have been investigated, including highly oriented nano
arrays [108], flower type structures [109], and exceptional combina
tions of two or more structures through hybrid combinations [110]. 

2.5. Nanomaterials derived from MOF 

The ability to differentiate between two materials and selectively 
eliminate one while preserving the other is a concept akin to removing a 
core from core-shell architectures via thermolysis [111] or selectively 
determining active materials on current collectors via surface acid 
etching [112]. Similarly, MOFs can be tailored into numerous structures 
through adjusting specific process conditions. MOF derivatives typically 

Fig. 14. (a) Pictorial representation of MOF derived porous carbon. Adopted with permission from Ref. [115,116], Copyright 2021, Wiley VCH, Janus, Copyright 
2017, Wiley VCH, Janus. (b) Pictorial representation of preparation of nano porous carbons (NPCs) derived from Zn/Co-MOF and ZnCo2O4. Adopted with permission 
from Ref. [117], Copyright 2020, Frontiers. 
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exhibit a distinct response to precursors, reactive conditions, or elevated 
temperatures. For instance, MOFs exposed to thermal treatment in an 
inert atmosphere at temperatures approaching the core metal’s melting 
point can alter their organic linkers into PC [113,114]. These organic 
linkers contain C, O, N, and some non-metal elements. Monitored heat 
treatment in an inert atmosphere effectively removes the volatile com
ponents, converting C encompassing compounds into PC (Fig. 14a). 
Wang and colleagues [118] conducted an experiment using ZIF-8 cores 
encased in polydopamine (PDA) shells. These structures underwent 
rapid decomposition in a reducing N2 atmosphere, resulting in the for
mation of hollow N-doped carbon (NDC). The strong interfacial in
teractions caused the ZIF-8 cores to expand outward to counteract the 
induced stress from shrinkage. Nevertheless, as stress accumulated, the 
ZIF-8 cores ultimately disintegrated, giving rise to hollow carbon 
structures. In another intriguing transformation, CNTs can be generated 
through the pyrolysis of ZIF-67 under an Ar atmosphere [119]. Addi
tionally, MOFs exhibit a remarkable stability in water, which has been 
cleverly manipulated by Bao et al. [120] to create MOF@SiO2 yolk-shell 
nanoreactors. Their approach involved a water-etching route applied to 
the hydrothermally unstable MOF surface, resulting in the formation of a 
yolk-shell architecture. Finally, PC can be accomplished by selectively 
removing the metal content from a thermally treated MOF, along with 
acid washing [121,122]. As of now, numerous MOFs derived carbon 
have been explored in various forms, as described in Table 1, including 
PC, NPC, amorphous carbon, CNTs, carbon NRs, GC, and more [27]. This 
technique for making PC from MOFs can yield novel morphologies and 
properties that compete favorably with other carbon-based electrode 
materials, including GO-based [135], glucose-based [136], and coal- 
based electrode materials [137]. 

Additionally, apart from the previously discussed approaches, there 
have been instances where metal dependent compounds were trans
formed into its metal-oxide counterparts and incorporated into an 
electrically conductive carbon matrix. For instance, a hybrid composite 
containing Co3O4 embedded within a GC matrix was synthesized by 

directly carbonizing Co-MOF in the presence of inert gas temperature at 
700 ◦C [138]. The formation of MOF derived Co@NDC composites could 
be simply manipulated by adjusting the solvent and anion-to-ligand 
ratio [139]. It’s worth noting that most reported nanomaterials 
derived from MOF follow a two-step process: first, the M-MOF (M =
metal) template preparation, and thereby optimized calcination. He and 
colleagues [117] conducted an evaluation using Zn/Co-MOFs (Fig. 14b) 
as precursors, resulting in three distinct products: PC, ZnCo2O4, and 
C@ZnCo2O4. For PC, the Zn/Co-MOF underwent heating at 900 ◦C in N2 
temperature, followed by washing with acid solution. In the case of 
ZnCo2O4, the Zn/Co-MOF underwent initial annealing at 450 ◦C in N2 
temperature. Subsequently, the N2 supply was discontinued, and both 
ends of furnace were exposed to ambient atmosphere. To obtain 
C@ZnCo2O4, the Zn/Co-MOF was heated to 450 ◦C in N2 temperature 
exclusively. Leveraging the distinct properties of metal ions and organic 
ligands, MOFs can be transformed into various nanomaterials. A classic 
example involves the direct conversion of MOF precursors into metal 
oxides, like Co-MOF to Co3O4 [140], Ni-MOF to NiO [141], Ce-MOF to 
CeO2 [142], and so on, through calcination in air. Remarkably, by 
carefully controlling the thermal treatment process, variations in 
composition, morphology, porosity, and electrochemical properties can 
be achieved [143,144]. 

While a plethora of metal oxides synthesized from MOFs as illus
trated in Fig. 15, it’s noteworthy that metal cores have also been utilized 
as templates for the in-situ preparation of MOF-derived metal oxides 
[144], sulfides [145], nitrides [146], selenides [147], and more. These 
materials retain the porous structure that was initially determined by 
their organic linkers. Research in the realm of MOF-derived nano
materials has garnered significant attention owing to its novel compo
sition, which suggests distinct benefits. These benefits include rapid ion 
diffusion rates than metal oxides, a greater theoretical capacity 
compared to carbon materials, and shorter volume extension in com
parison to pure metal and metal alloy electrodes [148]. It’s worth 
highlighting that MOFs act as sacrificial templates capable of providing 
PC networks with embedded metals, rendering them ideal for applica
tions in electrocatalysis, batteries, and supercapacitors [149,150]. 
Perhaps, MOFs with substantial surface areas can effectively accom
modate high Se/S loading, thus mitigating volume extension concerns in 
lithium ion batteries (LIBs) [151] and Na–Se batteries [152]. In the 
following portions, this review will primarily delve into MOF-derived 
nanomaterials and their applications in energy storage fields. It will 
comprehensively examine their advantageous properties as well as the 
current challenges associated with MOF derivatives. 

3. Synthesis of MOFs 

Various applications require MOFs with different sizes and struc
tures, necessitating the use of diverse synthesis methods. One approach 
involves manipulating the pH and solvent conditions at ambient atmo
sphere to expedite precipitation, thereby enabling the creation of large 
MOF crystals [153]. However, to cater to specific applications, there is a 
growing need to explore and comprehend innovative, gentle, and swift 
synthesis techniques. These methods have the potential to facilitate 
continuous production, allowing for the efficient processing of sub
stantial quantities of uniform samples and ensuring rapid and consistent 
synthesis outcomes. 

The ideal method for material synthesis is one that is straightfor
ward, consistent, and easily adaptable. MOF synthesis relies on funda
mental principles, primarily the careful selection of metal centers and 
linkers. The remarkable diversity in metal centers and linkers available 
for MOFs allows for virtually limitless organic-inorganic hybrid combi
nations. Research has revealed certain structural shapes in MOF prep
aration, aiding in the prediction of architectural outcomes [154,155]. By 
introducing certain reactive groups, chiral or redox centers into linkers, 
MOFs with desired properties can be designed. The size, hardness, 
electronic composition, coordination modes, and other characteristics of 

Table 1 
Carbon materials derived from MOF.  

MOF derived carbon MOF 
templates 

Heating condition Ref. 

Hollow NDC ZIF-8 
dopamine 

1st: 200 ◦C for 2 h in N2 

2nd: 900 ◦C for 2 h in N2 

[118] 

CNT grafted cobalt/ 
carbon polyhedra 
grown on Ni foam 

ZIF-67 800 ◦C for 2 h in H2/He [123] 

CNRs and graphene 
nanoribbons 

MOF-74 CNRs: 1000 ◦C for 4 h in Ar 
graphene nanoribbons: CNRs 
heat-treated to 800 ◦C for 2 h 
followed by chemically 
activated. 

[124] 

N-CNT ZIF-67 1st: 435 ◦C for 8 h in Ar [125] 
CNT-decorated NDC- 

coated Ni 
Ni-MOF 
melamine 

1st: 550 ◦C for 3 h in Ar 
2nd: 700 ◦C for 3 h in Ar 

[126] 

Hollow PC NCs ZIF-8 NCs 900 ◦C for 3 h in N2 followed 
by HF etching 

[127] 

N-doped PC NSs ZIF-8 
LiCl and KCl 

800 ◦C for 5 h in N2 followed 
by HCl washing 

[128] 

N and S co-doped 
hollow cellular 
carbon nanocapsules 

MIL-101-NH2 

thiourea 
900 ◦C for 5 h in Ar followed 
by HF washing 

[129] 

Ultra microporous 
carbon NPs 

UiO67 750 ◦C for 3 h in N2 followed 
by HF acid dilution 

[130] 

Carbon nanoribbons ZIF-8 
nanoribbons 

1000 ◦C for 4 h in N2 [131] 

Highly porous metal- 
free carbon material 

Zn-MOF NRs 900 ◦C for 5 h in N2 followed 
by HNO3 oxidation 

[132] 

Hollow carbon ZIF-8 
Tannic acid 

800 ◦C for 2 h in N2 followed 
by HCl washing 

[133] 

3D interconnected 
hierarchical sponge 
type PCs 

Zn(tbip) 900 ◦C for 2 h in Ar [134]  
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the metal center influence the final MOF topology [156,157]. Another 
critical factor influencing the MOFs’ properties is the selection of basic 
building blocks. Additionally, various preparation parameters, 
including solvent, temperature, pressure, pH, and reaction time, must be 
carefully studied. Multiple synthesis approaches are available, including 
conventional solution methods [158,159], hydrothermal processes 
[160,161], microwave-assisted techniques [162], electrochemical 
routes [163,164], mechanochemical procedures [165,166], and 

sonochemical methods [167,168]. Fig. 16 is a figure that briefly dem
onstrates the numerous MOF preparation protocols. 

3.1. Standard solution approach 

The solution approach, conducted at ambient temperature and 
pressure, is the most straightforward approach for achieving large single 
crystal MOFs. In the early days of MOF synthesis, Yaghi et al. employed a 

Fig. 15. Pictorial demonstration of nanomaterials derived from MOF.  

Fig. 16. Pictorial demonstration of various methods for the preparation of MOF. Adopted with permission from Ref. [26], Copyright 2023, MDPI.  

N. Kitchamsetti and J.S. Cho                                                                                                                                                                                                                 



Journal of Energy Storage 84 (2024) 110947

15

diffusion synthesis method, albeit with low yields [169]. Subsequently, 
a wide range of MOFs, including MIL-53, MIL-88, MIL-110, CAU-1, ZIF- 
8, ZIF-67, and UiO-66, have been successfully produced utilizing sol
vents such as water, methanol (MeOH), and dimethylformamide (DMF) 
[170,171]. Li et al. have even investigated the impact of solvents on the 
MIL-96(Cr) and MIL-100(Cr) preparation [172]. Dincă et al. conducted 
research to understand the factors influencing cation exchange in MOFs 
by investigating the different solvents effect. They achieved this via 
introducing Ni2+ into MOF-5 and Co2+ into MFU-4 L (MFU denoting 
MOF Ulm-University) [173]. The results revealed that while solvents do 
influence the cation exchange process, only a specific set of pertinent 
parameters demonstrated correlations with exchange rates. This tech
nique provides valuable insights into critical characteristics of cation 
exchange in diverse MOFs. 

3.2. Hydrothermal approach 

The hydrothermal approach, often referred to as solvothermal syn
thesis, stands as the most commonly employed approach for MOF syn
thesis [174,175]. In this method, a soluble metal salt, a free ligand, and 
organic solvent with a high boiling point are combined in a sealed 
container. The mixture is then heated above the solvent’s boiling point. 
Subsequently, the product is recovered, washed, and the solvent is 
removed from the MOFs pores. This technique offers several benefits, 
including the capability to generate uniform MOF particles character
ized by high crystallinity, a narrow crystallite size, and exceptional 
phase purity. These attributes are attributed to the rapid reaction ki
netics associated with this method [176,177]. The Yaghi group, 
renowned pioneers in MOF development, achieved a 90 % yield in 
synthesizing crystalline MOF-5 by heating an N, N′-diethylformamide 
(DEF) solution of Zn(NO3)2.4H2O and the acid form of BDC in a sealed 
container within the temperature range of 85 to 105 ◦C [178]. Zheng 
et al. utilized the hydrothermal method to synthesize six distinct types of 
MOFs. They employed Zn, Co, and Ni as metal ions and H3BTC, H2NDC, 
L1, L2, and L3 as ligands (NDC = 1,2-benzenebicarboxylate, L1 = 1,4-bis 
(imidazol-1-ylmethyl)benzene, L2 = 1,1′-(1,4-butanediyl)bis(imid
azole), L3 = 1,1′-(1,4-hexanediyl)bis(imidazole)) [179]. The MOFs 
designed through this method are as follows: (1) [Co3(L1)3(BTC)2(μ- 
H2O)3.2H2O]n, (2) [Zn2(L2)(HBTC)2.2H2O]n, (3) [Co(L3)(HBTC)]n, (4) 
[Co(L1)(NDC)]n, (5) [Ni(L2)(NDC)]n, and (6) [Co(L3)(NDC)]n. Structural 
analyses revealed that (1) features a rare 4-connected self-penetrating 
network, (2) exhibits a two-dimensional (2D) (3,4)-connected 
network, (3) showcases a 2D (3,5)-connected network, while both (4) 
and (5) display a 4-connected MOF structure akin to the CdSO4 type 

topology, and (6) presents a 2D 4-connected net structure. Despite its 
advantages, solvothermal synthesis does come with certain drawbacks, 
including the use of solvents that can have adverse environmental ef
fects, the necessity for costly stainless-steel autoclaves and Teflon re
actors, limited potential for mass production, and challenges associated 
with product cleaning [180]. 

During hydrothermal activity, a chemical reaction takes place be
tween organic and inorganic components, with the material’s structure 
being shaped by solvent molecules that serve as “pore templates”. 
Subsequently, the trapped solvent within the pores is eliminated 
through a high temperature washing process [181]. However, under 
certain reaction conditions, reactive substances like reaction solvents, 
residual reactants, and by-products might not be entirely removed from 
the MOF product. This incomplete removal can lead to pore blockages in 
the process. Pré and colleagues have recently put forward an innovative 
approach to enhance washing method via implementing adjusted 
centrifugation techniques at two distinct phases: first, after the initial 
reaction, and then following the materials washing [182]. Their study 
focused on Ni-MOF-74 as the target product and the process is outlined 
in Fig. 17. During the initial set production, the washing activity was 
repeated, as denoted by the green box in Fig. 17. This repetition 
significantly enhanced the material separation from the reactive me
dium. In the second set of production, centrifugation was introduced at 
two specific spots where solvent drainage occurred, as designated by the 
red arrows in Fig. 17. They conducted optimization studies for both 
centrifugation time and rotational speed, both between the reaction and 
material washing (1) and subsequent material washing stages (2), in 
order to achieve the highest quality of separation. The 1st centrifugation 
step in the synthesis technique effectively removed the reactive medium 
from the product, while the 2nd centrifugation played a crucial role in 
separating the product from any remaining contaminated MeOH after 
washing. This approach markedly improved the washing process’s 
effectiveness, ultimately ensuring the complete activation of the MOF 
pores, thus expanding the potential for future applications. 

3.3. Microwave method 

In many applications of MOFs, there is often a requirement for small- 
sized MOFs. The microwave-assisted method proves to be a valuable 
approach for generating small metal oxide particles. In comparison to 
the hydrothermal method, this approach offers several benefits, 
including a reduction in synthesis time by over tenfold, the production 
of uniformly sized and composed MOFs, and the capability to create 
MOFs with a wider variety of compositions [162]. Recently, Wright and 

Fig. 17. Pictorial demonstration of Preparation of MOFs using solvothermal technique followed by washing with the help of centrifugal separation. Adopted with 
permission from [182], Copyright 2020, MDPI. 
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colleagues demonstrated the synthesis of Zr-based MOFs, specifically 
UiO-66, in the manner of thin films employing a straightforward and fast 
microwave aided synthesis [183]. In this investigation, they introduced 
a swift microwave-based technique to fabricate oriented UiO-66 thin 
films on both Au and Si substrates. This approach significantly reduced 
the reaction time, underscoring its capability to synthesize MOFs in the 
thin films fashion utilizing a straightforward method. 

Han and colleagues introduced a novel approach to producing MOFs 
by mixing the microwave approach with other techniques [184]. In their 
study, MOF crystals were effectively generated on fiber mats composed 
of polyacrylonitrile (PAN) and MOF. This innovative method involved 
merging electrospinning with microwave irradiation. Electrospinning is 
a straightforward, and scalable manufacturing method for producing 
constant fibers with diameters spanning from several nanometers to 
micrometers. This method can be employed to different materials, 
including polymers, ceramics, and carbon-based constituents, making it 
highly adaptable and suitable for a range of applications [185]. The 
integration of microwave and electrospinning techniques enabled the 
fabrication of nanofiber structures based on MOFs. To optimize the 
conditions for developing PAN/MOF fiber composites, UTSA-16 (Uni
versity of Texas at San Antonio) MOFs, specifically UTSA-16(Co) and 
UTSA-16(Zn), were employed. The UTSA-16(Co) and UTSA-16(Zn) 
MOFs were synthesized using a microwave-assisted technique. This 
involved dissolving precursor compounds containing Co(OAc)2 and Zn 
(OAc)2 in a mixed solvent, followed by heating in a microwave oven, 
washing, and subsequent drying. The PAN/UTSA-16(M) (where M = Co 
or Zn) fiber template was created by sonicating a mixture of manufac
tured UTSA-16(M) and DMF until complete dispersion was achieved, 
after which PAN was added and subjected to further sonication. The 
resulting electrospinning solution was used to produce fibers on an Al 
foil, ultimately yielding the electrospun PAN/MOF fiber mat. To vary 
the composition of the PAN/UTSA-16 fiber mat, the weight ratio of PAN 
to UTSA-16(X) (where M = Co or Zn and X represents the wt% of UTSA- 
16) was adjusted. UTSA-16 precursors with various ratios were 
distributed within the PAN fiber network, and the UTSA-16 growth was 
promoted under microwave irradiation to form a UTSA-16 crystal layer. 
The resulting products were designated as PAN/UTSA-16(X)-1st, and 
the samples undergoing a secondary growth process were labeled as 
PAN/UTSA-16(X)-2nd. Fig. 18 illustrates the step-by-step production 
method for the PAN-UTSA-16 fiber mat, encompassing UTSA-16 syn
thesis, fiber mat organization, and seed growth on the fibers. Both PAN/ 

UTSA-16(Co) and PAN/UTSA-16(Zn) fibers exhibited micropores within 
the range of 0.4–1.5 nm and 0.4–1.8 nm, respectively. These pore sizes 
closely resembled those found in pristine UTSA-16(Co) ranging from 0.3 
to 1.45 nm and pristine UTSA-16(Zn) ranging from 0.3 to 1.79 nm [186]. 
The innovative approach of producing flexible MOF polymer fiber mats 
in the sequence of microwave and electrospinning methods, as sug
gested in these findings, offers promising possibilities for a wide array of 
applications. These applications span areas like energy storage, haz
ardous chemicals decomposition, filtration, as well as sensor and 
biomedical applications. 

3.4. Electrochemical method 

The electrochemical synthesis method entails the production of 
compounds within an electrochemical cell, offering distinct advantages 
over traditional solvothermal or microwave synthesis. Notably, this 
method allows for gentle synthesis conditions compared to more con
ventional approaches. Furthermore, it stands out as a scalable industrial 
synthesis method, enhancing selectivity and yield due to its low reaction 
temperature and rapid synthesis rate [187]. Numerous well-known 
MOFs, including HKUST-1 [188], ZIF-8 [189], MIL-100(Fe) [190], and 
MIL-53(Al) [191] have been successfully synthesized using this tech
nique. The underlying principle involves providing metal ions by dis
solving the anode within a making mixture covering an electrolyte and 
organic ligand. Electrochemical method, conducted in the absence of 
pressure, grants precise constraint over the reactant concentrations 
throughout the synthesis process. Additionally, it permits the manage
ment of anodic oxidation by adjusting the rate at which metals are 
introduced and continuously incorporating linkers into the solution. 
Moreover, by controlling the applied electrode voltage, the state of 
oxidation of the metal can be meticulously regulated. Creating thin MOF 
film coatings on electrodes via electrochemical methods presents an 
appealing prospect. Liu et al. [192] introduced an approach for pro
ducing a 2D MOF film with large surface area applying electrochemical 
techniques. Dispersing MOF nanocrystals can be challenging owing to 
strong interlayer interactions, prompting the exploration of various 
strategies for addressing this issue [193,194]. In this particular study, 
they demonstrated the growth of a 2D Cu3(HHTP)2 (HHTP: 
2,3,6,7,10,11-hexahydroxytriphenylene) film on a Cu foil via a 
manageable electrochemical fabrication process. The setup involved 
two Cu foil pieces serving as the anode and cathode, submerged in the 

Fig. 18. The fabrication mechanism of PAN-UTSA-16 fiber mat comprises of fiber mat preparation, UTSA-16 production, and seed growth of fibers using electro
spinning followed by microwave irradiation. Adopted with permission from [184], Copyright 2021, Elsevier B.V. 
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solution containing melted HHTP precursor to assemble an electro
chemical cell. When a voltage was applied, Cu2+ ions were released from 
the Cu anode and subsequently reacted with HHTP anions, resulting in 
the deposition of a Cu3(HHTP)2 MOF film on the Cu anode. Fig. 19 il
lustrates the electrochemical approach for synthesizing film-type MOFs. 
The technique proposed in this study boasts versatility, as it can be 
applied universally, regardless of the specific ligands used, whether it’s 
benzene-1,3,5-triyltriboronic acid, meso-tetra(4-carboxyphenyl) por
phine, or 2,4,6-trihydroxy-1,3,5-benzenetricarboxaldehyde. Further
more, this MOF film can be seamlessly transferred to any substrate using 
PMMA transfer technology without sustaining damage. This advance
ment opens up possibilities for an efficient and convenient electro
chemical method suitable for large-scale MOF film synthesis, with 
potential applications in nanoelectronic devices and beyond. 

3.5. Mechanochemical method 

Mechanochemical preparation is a highly regarded method that 
combines chemical and mechanical processes at the molecular level, and 
it is considered one of the suggesting approaches for large-scale MOF 
production [166]. The appeal of MOF synthesis through mechano
chemical methods lies in the fact that it occurs at room temperature, 
without the need for solvents or with minimal additional heat, and is 
remarkably swift, typically taking only 10–60 min to reach completion, 
yielding high quantities of the desired product. Mechanochemical ap
proaches can be categorized into 3 primary types: (1) neat grinding 
(NG), which eschews solvents entirely, (2) liquid-assisted grinding 
(LAG), which utilizes a small volume of liquid to enhance reactant 
mobility, and (3) ion-and-liquid assisted grinding (ILAG), which em
ploys a catalytic liquid comprising minute quantities of salt additives to 
expedite formation of MOF. 

James et al. achieved a breakthrough by demonstrating the pro
duction of microporous MOFs through neat grinding (NG) for the first 
time in 2006 [195]. Later, they also created HKUST-1 by milling 
Cu2(OAc)4. H2O and H3BTC [196]. This NG technique has proven 
effective with other metal ions, including Cd-based MOFs. One notable 
benefit of this method is that it produces only water as a by-product and 
involves no purification [197]. While some MOFs can be produced via a 
solvent-free NG technique, metal carbonates and metal oxides without 
crystal water, as opposed to metal acetates and nitrates, often need the 
addition of a solvent to facilitate the reaction activity [198]. Hence, the 
liquid-assisted grinding (LAG) technique has been introduced. Braga 
et al. [199] investigated that the presence of small amounts of solvent 
can enhance MOF crystallization and reaction rates. In a specific ex
amination, 1D porous coordination polymer-CuCl2 (trans-1,4- 

diaminocyclohexane, denoted as dace) was produced by grinding CuCl2. 
H2O and dace in the presence of water or DMSO, followed by heat and 
vacuum treatment to remove the water or DMSO. Jones et al. [200] 
shown that some inorganic salts can facilitate MOF preparation through 
the LAG method. Since then, research has been conducted on the MOFs 
preparation using the ILAG approach, which involves a catalytic liquid 
containing trace volumes of salt additives. For instance, zeolitic imida
zolate frameworks (ZIFs) were created using grinding solutions like 
DMF, EtOH, and DEF, with NH4CH3SO3, NH4NO3, and (NH4)2SO4 as salt 
additives [201]. 

Ni-based MOFs have garnered substantial interest and have pre
dominantly been produced using hydrothermal methods [202] and 
precursor heat treatment in ambient atmosphere [203]. However, these 
preparation activities typically demand elevated temperatures, sub
stantial quantities of solvents, and extended reaction durations [204]. 
Jin et al. [205] introduced a relatively simple solution-phase technique 
for swiftly producing Ni3(BTC)2.12H2O, but it required the laborious 
deprotonation of the ligand and the utilization of organic solvent. Sub
sequently, there were efforts to synthesize Ni-MOFs through mechano
chemical methods, although each study had its limitations, and none 
reported entirely satisfactory results [206]. Wang et al. [207] achieved 
the synthesis of a Ni-based MOF in an incredibly brief time frame of just 
1 min, capitalizing on the advantages of the mechanochemical 
approach. Interestingly, variations in grinding time had minimal impact 
on the yield, which consistently fell within the range of 66 % to 72 %. 
Irrespective of the auxiliary liquid type (water, MeOH, EtOH, or DMF) 
included in minute quantities, the material was produced within 1 min, 
with yields ranging from 60 % to 70 %. In summary, this study’s pro
posed method was found to be rapid, efficient, environmentally friendly, 
cost-effective, and highly scalable. Furthermore, it advised that both 
yield and reaction performance could be improved by adjusting prepa
ration conditions. 

ZIF-8 stands out as one of the broadly researched MOFs types, pri
marily owing to their straightforward preparation process and impres
sive structural resilience [208]. Within the same structural framework as 
ZIF-8, ZIF-67 substitutes Co for Zn. By skillfully manipulating the 
quantities of Zn and Co, researchers have successfully crafted bimetallic 
ZIFs. Numerous studies have detailed a preparation pathway for 
generating CoZn-ZIFs within liquid-based preparation systems [209]. An 
alternative approach involves transforming ZnO into ZIF using a solvent- 
free method suitable for mechanochemical applications [210]. Tanaka 
et al. introduced a straightforward acetate-assisted mechanochemical 
preparation that employs Co(OAc)2 as part of the strategy to enable the 
large-scale production of CoZn-ZIFs [211]. Fig. 20 provides a schematic 
representation of the mechanochemical method alongside images 

Fig. 19. Schematic demonstration of preparing 2D Cu3(HHTP)2 MOF film via the electrochemical technique. Adopted with permission from Ref. [192], Copyright 
2021, Wiley VCH, Janus. 
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depicting Zn-ZIF and bimetallic-ZIF precursors produced using this 
technique. The resulting powders showcase distinctive colors: Zn-ZIF 
appears as a white powder, ZIF-67 exhibits a deep purple, while 
CoxZn(1-x)-ZIF ranges from light to dark purple, depending on the value 
of x. The addition of cobalt acetate in the acetate-assisted mechano
synthesis prompts a reaction where acetic acid is released, subsequently 
reacting with 2-MIM. This process enhances the solubility of ZnO in 
acids and facilitates mass transfer via hydrated water and autoacetic 
acid. These factors collectively advance the complex reaction between 
the ionized metal and 2-MIM [212]. The acetate-aided milling technique 
suggested in these findings offers the advantage of controlling the Co/Zn 
ratio by regulating the acetate amount added. Furthermore, this method 
eliminates the need for solvents, treating the starting materials as solids. 
It holds significant promise in revitalizing industrial applications of ZIFs 
and opens new avenues for the development of multi-metal ZIF 
nanomaterials. 

3.6. Sonochemical method 

The sonochemical approach harnesses the chemical effects produced 
by subjecting a mixture to high-energy ultrasound during a reaction. 
This approach offers several notable advantages when applied to MOF 
synthesis, including rapid reaction kinetics, environmental friendliness, 
energy efficiency, and user-friendliness. Its potential for facilitating 
quick reactions makes it a promising candidate for the future mass 
production of MOFs [167]. Ahn and colleagues pioneered the sono
chemical synthesis of MOF-177 in 2010 [213]. They also synthesized 
CuTATB-n (TATB = 4,4′,4″-s-triazine-2,4,6-triyltribenzoate; n = power 
level), known as PCN-6, with an isoreticular structure akin to HKUST-1, 
using an innovative sonochemical route [214]. In this investigation, 
both catenated PCN-6 and non-catenated PCN-6′ were produced by 
solely optimizing the ultrasonic power level within a span of 1 h, uti
lizing a DMF solution containing Cu(NO3)2 and H3TATB as reactants. 
Similarly, IRMOF-9 (catenated) and IRMOF-10 (non-catenated) were 
also prepared using the identical approach, employing 4,4′-biphenyldi
carboxylic acid (BPDC) as a linker. The application of higher ultrasonic 
power levels resulted in increased surface areas and improved porosity 
in the sonochemically synthesized products. Notably, particle size 

exhibited gradual increments with higher ultrasonic power levels. 
Morsali et al. [215] employed the sonochemical method to synthe

size TMU-5 (bearing the acronym TMU for Tarbiat Modares University, 
formulated as [Zn(oba)(4-bpdh)0.5]n.(DMF)1.5) and TMU-6 ([Zn(oba)(4- 
bpmb)0.5]n.(DMF)1.5) (where oba stands for 4,4′-oxybisbenzoic acid; 4- 
bpdh = 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene; 4-bpmb = 1,4-bis 
(pyridine-4-ylmethoxy)benzene). Their study delved into the impact of 
ultrasonic irradiation time and initial reagent concentration on the size 
and morphology of the resulting MOF particles. Their investigations 
revealed that a high initial reagent concentration led to the production 
of larger particles and induced a non-uniform distribution of particle 
sizes. Conversely, when the initial reagent concentration was low, the 
size of the MOF particles decreased. To facilitate nucleation, triethyl
amine (TEA) was introduced, which had the effect of boosting the 
nucleation rate. When TEA was utilized, fast nucleation occurred due to 
the deprotonation of the oba ligand. This accelerated nucleation process 
contributed to a reduction in particle size. A variety of metal ions are 
promptly integrated within molecular units to impart a broad spectrum 
of optoelectronic functionalities. In MOFs, the porphyrin units within 
the linker component form robust coordination bonds with valuable 
metal nodes, leading to enhanced chemical stability [216]. This feature 
is particularly advantageous as the well-dispersed and isolated 
porphyrin units in rigid porphyrinic MOFs prevent catalyst deactivation 
resulting from porphyrin molecule dimerization. Consequently, 
porphyrin is extensively utilized in MOFs constructed from tetrakis(4- 
carboxyphenyl)-porphyrin (TCPP) and metal nodes like Fe, Al, and Zr 
[217]. Zr-based MOFs, including MOF-525, MOF-545 (also known as 
PCN-222), PCN-221, PCN-223, PCN-224, PCN-225, and NU-902, are 
also under investigation [218]. Among these, MOF-525 and MOF-545 
are produced using the same substrate as the Zr metal source and 
TCPP. Due to the frequent occurrence of mixed-phase particles, a variety 
of strategies, such as high-throughput combination, seed-mediated 
preparation, solvent-assisted separation, exploration of modulators, 
and the application of kinetic and thermodynamic control, have been 
employed to obtain pure phases of these MOFs [218,219]. 

Ahn et al. introduced a straightforward synthesis method for 
obtaining pure-phase MOF-525 and MOF-545 through modulation 
preparation using the sonochemical approach [220]. The synthesis of 

Fig. 20. Pictorial illustration of mechanochemical technique for the Zn-ZIF and CoZn-ZIFs preparation along with the desired products images. Adopted with 
permission from Ref. [211], Copyright 2019, Elsevier B.V. 
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MOF-525 and MOF-545 involved zirconyl chloride octahydrate, benzoic 
acid, trifluoroacetic acid, DMF, and TCPP. The resulting samples were 
designated as S-MOF-525 and S-MOF-545, respectively. For evaluation, 
conventional solvothermal synthesis was employed to produce MOF- 
525 and MOF-545, which were referred to as C-MOF-525 and C-MOF- 
545. Fig. 21 provides a pictorial representation of the sonochemical 
approach, depicting the structures of MOF-525 and MOF-545, and 
showcases the SEM images of MOF-525 and MOF-545 prepared under 
optimal conditions. Upon examining the morphology of S-MOF-525 and 
S-MOF-545 grown under various conditions, cubic and needle-shaped 
particles were observed, with some samples exhibiting a mixture of 
both morphologies as shown in the middle SEM image in Fig. 21. MOF- 
525 exhibits a ftw topology, comprising Zr6(OH)4O4(CO2)12 clusters, 
whereas MOF-545 features a csq topology, composed of Zr6O8(
CO2)8(H2O)8 clusters. The presence of mixed-form particles can be 
attributed to variations in the connectivity of Zr6 clusters during the 
synthesis process [221]. In summary, sonochemical synthesis generates 
intense local temperatures and pressures due to acoustic cavitation, 
resulting in rapid heating and cooling rates. This phenomenon acceler
ates homogeneous nucleation and significantly reduces crystallization 
times [222]. As a result, this method offers several advantages, including 
shortened synthesis duration, reduced energy consumption, the forma
tion of defect sites, improved textural properties of the material, and 
scalability for large-scale preparation [223]. This study demonstrates 
that the sonochemical approach for preparing Zr− /porphyrin-based 
MOFs yields highly pure, uniformly sized particles while drastically 
reducing synthesis times. 

Table 2 provides a summary of merits and demerits associated with 
the various MOF preparation techniques discussed. MOFs hold immense 
potential for an extensive array of applications, making it crucial for 
industrial implementation to progress hand in hand. Luckily, as indi
cated throughout this review, new preparation techniques have 
emerged, blurring the lines between laboratory-scale and industrial 
production [224]. While it remains uncertain whether MOFs can rival 
established industrial compounds like zeolites, silica, or activated car
bon, the extensive attention from researchers towards MOF applications 
suggests that this possibility is increasingly within reach. 

Fig. 21. Pictorial demonstration of the sonochemical technique, structures, and SEM analysis of MOF-525 and MOF-545. Adopted with permission from Ref. [220], 
Copyright 2021, Elsevier B.V. 

Table 2 
Merits and demerits of the preparation routes of MOF.  

Preparation route Merits Demerits 

Microwave Quick preparation time and 
increased yield 
Simple and energy-efficient 
approach 
Easy transformation and tight 
control of response parameters 
Morphology control, phase 
selectivity, and particle 
distribution 

Difficulty separating large 
single crystals 

Conventional 
solution 

MOFs crystallinity arises in a 
quick time 
Ambient atmosphere synthesis 
Normal, simple, easy 

Small amount synthesis 
Relatively slow process 

Sonochemical Uniform shape and particle 
size can be obtained in a short 
time 
Energy efficient, and 
environmentally friendly. 
An appropriate method for the 
nanosized MOFs preparation 

Sonication can shatter the 
crystallites and block the 
large single crystal 
formation 

Electrochemical Fast and clean synthesis 
Beneficial for batch scale 
preparation by providing 
enhanced selectivity and yield 
Equivalent MOF growth and 
direct deposition on platforms 
Precise layer deposition 
growth 

−

Hydro/ 
Solvothermal 

Easy industrial transposition 
Broad working temperature 
range (e.g., 80–250 ◦C) 
A heating and cooling method 
can assist crystal growth. 

Long reaction time 
High cost of purchasing the 
equipment required for the 
preparation 
High energy consumption 

Mechanochemical No particular pressure and 
temperature needed 
Solvent-free method 

Secondary phases are 
usually obtained. 
Difficulty separating large 
single-crystals.  
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4. Characteristics of MOF derived nanomaterials 

MOFs present a class of highly structured materials with remarkable 
attributes, including useful compositions, high surface area, adjustable 
pores, even component distribution, and precisely described active sites 
[225]. Notably, MOFs are renowned for their exceptional surface area. 
In 2018, Hönicke et al. [226] introduced a novel mesoporous MOF 
(DUT-60) boasting an experimental record-breaking specific surface 
area of approximately 7800 m2.g− 1, surpassing MIL-101 (~5900 m2. 
g− 1) [35] and MOF-210 (~6240 m2.g− 1) [227]. While numerous factors 
influence the design, structures, and properties of MOFs, the novel se
lection and coordination of metal cores, ligands, and solvents perform 
pivotal roles [228]. For instance, Farha et al. [229] examined the sub
stitution of phenyl groups with ethynyl units as ligand expansion com
ponents. Theoretical calculations suggest a hypothetical maximum 
surface area of around 14,600 m2.g− 1 with ethynyl units compared to 
phenyl units (9950 m2.g− 1) and phenyl ethynyl units (12,250 m2.g− 1). 
In the conventional solvothermal synthesis of MOF precursors, the 
organic linkers typically stay intact throughout the preparation route, 
leading to slow growth of crystal [230]. As a result, MOFs retain their 
distinctive frameworks, making them excellent templates for producing 
MOF-derived nanomaterials. Table 3 provides a summary of the porosity 
and surface characteristics of these nanomaterials derived MOF. These 
materials often exhibit larger surface areas compared to their MOF 
counterparts due to the specific temperature treatment circumstances 
applied during their transformation. Fig. 22 offers a concise overview of 
the characteristics of nanomaterials derived from MOF, highlighting 
their significant advantages, many of which are inherited from the 
pristine MOFs. Moreover, nanomaterials derived from MOF can be 
improved with post-functionalities, containing enhanced conductivity 
and increased stability of the material [234], in comparison to their 
pristine forms. While there are numerous reviews on metal/metal oxides 
derived from MOF [235], and PC [236], this particular review is focused 
on derivatives of TMCs (Sulfur, and Selenium), and phosphides derived 
from MOFs along with the metal/metal oxides derived from MOF, and 
PC for the applications in energy storage sectors. 

5. Parameter alteration 

While nanomaterials derived from MOF have demonstrated 
remarkable potential in various established energy storage and con
version devices, the quest for nanomaterials derived from MOF with 
superior performance compared to traditional inorganic materials re
mains a formidable challenge. This challenge is intimately tied to the 
morphology, composition, particle size, and surface area of nano
materials derived from MOF. By carefully controlling the conversion 

mechanism parameters, including heating rate, temperature, time, and 
gas medium, it becomes possible to obtain derivatives with a wide range 
of morphologies, and compositions from MOF templates. 

5.1. Temperature 

The thermolysis activity of MOF templates is heavily influenced by 
temperature, which ultimately dictates the morphology, composition, 
surface area, and porous nature of resulting derivatives. In the case of 
carbon materials derived from MOF, greater temperatures promote the 
well-ordered GC structures formation with excellent conductivity. 
Nevertheless, extreme heating often leads to the loss of unique MOF 
morphology and partial or complete collapse of the porous structure. 
Moreover, elevated temperatures can significantly decrease the presence 
of heteroatoms (e.g., N, S, P), which typically serve as operational lo
cations for rapid electrochemical reactions. In the context of metallic 
compounds, higher calcination temperatures tend to increase particle 
size substantially, resulting in a reduction of surface area. Thus, precise 
temperature control is crucial for achieving nanomaterials derived from 
MOF with exceptional physicochemical characteristics. 

Zn dependent MOFs, such as ZIF-8 and MOF-5 are considered 
excellent sacrificial templates for producing ZnO@C nanocomposites 
(NCs) and PC products. Park and colleagues conducted a study in which 
they created ZnO QDs@PC NCs. These NCs featured uniformly distrib
uted ZnO QDs measuring 2.3 nm in size, embedded within a carbon 
matrix. They achieved this by subjecting an IRMOF-1 precursor to 
thermal treatment at various temperatures. As the pyrolysis temperature 
increased, the ZnO particle size grew from 2.3 nm to 20 nm (Fig. 23a-c) 
[237]. In another investigation, researchers transformed well- 
distributed ZIF-8 polyhedra into 3D N-doped graphene-like particles 
(denoted as N-C-t, where t denotes the temperature of carbonization) 
through thermolysis [238]. When the heat treatment was elevated from 
700 to 900 ◦C, the N–C products morphologies remained intact. How
ever, the surface areas diminished, and the N doping content dropped 
significantly from 24.45 to 10.73 wt% (Fig. 23d-g). Typically, excessive 
N amount can lead to structural uncertainty, while short N amount may 
result in limited active sites. Consequently, an adjusted sample, N-C- 
800, with N amount of 17.72 wt%, exhibited tremendous performance 
in LIBs with impressive cycle stability and rate performance. Further
more, Wei and his research team informed the preparation of N-doped 
PC materials derived from ZIF-8 [239]. When the pyrolysis temperature 
was increased to 1100 ◦C, the original ZIF-8 morphology was lost, and 
the porous structure collapsed (Fig. 23h-k). Consequently, these mate
rials exhibited poorer electrochemical performance. 

Table 3 
Pore characteristics of MOF as well as MOF derivatives.  

MOF MOF 
derivatives 

MOF transformation Ref. 

MOF-5 
SSA_477 m2 

g− 1 

PV_0.33 cm3 

g− 1 

Porous 
carbon 
SSA_1884 m2 

g− 1 

PV_1.84 m3 

g− 1 

Ar (1000 ◦C/2 h) followed by 
washing with HCl 

[231] 

Ni-Zn-MOF 
SSA_46 m2 

g− 1 

PD_24 nm 

NiO@ZnO 
SSA_67 m2 g− 1 

PD_17 nm 

Ar (800 ◦C/2 h) [232] 

MOF-5 
SSA_835 m2 

g− 1 

PV_0.38 cm3 

g− 1 

Porous 
carbon 
SSA_2393 m2 

g− 1 

PV_1.13 cm3 

g− 1 

Ar (1000 ◦C/5 h) [233] 

SSA_ specific surface area, PV_ pore volume, PD_ pore diameter. 

Fig. 22. Properties of MOF-derived nanomaterials.  
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Co-based MOFs, particularly ZIF-67, which consists of Co2+ ions and 
methylimidazole ligands, are commonly employed templates for pro
ducing numerous materials, including metal/metal oxides, PC, and its 
NCs. Interestingly, the pyrolysis temperature appears to have a minimal 
influence on overall morphology of the MOF-derived materials. These 
materials essentially comprise composites containing metal/metal ox
ides within NDC matrices or CNTs. However, the pyrolysis temperature 
portrays a crucial job in determining the NP size of the metals/metal 
oxides and the extent of N-doping. For instance, when the temperature 
was increased from 435 to 800 ◦C, the morphologies of maximum ZIF-67 
derivatives underwent a transformation characterized by the CNTs 
growth on the surface of carbon shells. This transformation was pri
marily driven by the catalytic activity of Co NPs (Fig. 24) 
[125,240–242]. 

However, the surface area and NP diameter of these NCs were 
significantly affected. Cobalt NP sizes obtained at 435 ◦C and 550 ◦C 
were measured at 5 nm and 10 nm, respectively. In addition to ZIF-67, 
other Co-based MOFs have been explored as templates to understand the 
impact of heat treatment temperature on the physicochemical charac
teristics of their derived materials [243]. Recently, Co/Co3O4 NPs 
enclosed within NDC shells were synthesized using Co-based MOF 

templates. This was achieved by adjusting the temperature from 600 ◦C 
to 800 ◦C [244]. It is observed that temperature really had a significant 
impact on surface area, particle size, and the N-doped content, with 
trends like those observed in the ZIF-67 derived NCs mentioned earlier. 
Moreover, the thermolysis temperature influenced the phase composi
tion of the resultants. Wu and colleagues exhibited a strategy involving 
MoO3@ZIF-67 to produce various 1D Mo dependent/carbon composites 
with diverse architectures. When the temperature was raised from 
600 ◦C to 700 ◦C, core shelled MoO2/C and Mo2C/C materials were 
achieved (Fig. 25a) [245]. Precisely, a Co-based MOF containing cages 
and modified with Fe and dicyandiamide was exposed to various tem
peratures (800 ◦C, 900 ◦C, and 1000 ◦C) in the inert atmosphere, 
resulting in the Fe3C/N-doped PC materials formation with varying 
carbon morphologies, including onion type carbon, tubular carbon, and 
tubular graphene/N-doped graphene structures (Fig. 25b) [246]. 

Indeed, it appears that the morphologies of Fe containing MOF 
derived NCs are more influenced by the heating temperature. This could 
be attributed to an arbitrary distribution of Fe species within the tem
plates. For example, in a study conducted by Chen and colleagues, Fe- 
MIL-88 loaded with melamine was subjected to pyrolysis in a N2 at
mosphere, resulting in the formation of Fe3C NRs enclosed within a 

Fig. 23. (a-c) TEM analysis of ZnO QDs@PC-550, ZnO QDs@PC-600, and ZnO QDs@PC-700 derived from IRMOF-1, respectively. Adopted with permission from 
Ref. [237], Copyright 2013, American Chemical Society. (d) N2 adsorption/desorption isotherm study, (e,f) SEM analysis, and (g) configuration of NDC products 
produced at various temperatures. Adopted with permission from Ref. [238], Copyright 2014, Springer Nature. (h-k) SEM analysis of ZIF-8 derived PC products 
achieved at 800, 900, 1000, and 1100 ◦C, respectively. Adopted with permission from Ref. [239], Copyright 2016, Elsevier B.V. 
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porous carbon structure [247]. When the temperature was varied from 
700 ◦C to 900 ◦C, the morphology of the carbon component slowly 
transformed from wrinkled NDC layers to N-doped CNTs (Fig. 26a). 
Specifically, after annealing at 800 ◦C, N-doped CNTs were observed to 
grow on a N-doped PC sheet (NCNT/NCP). Concurrently, the alteration 
in N amount indicated that greater temperatures led to the carbon 
component formation with superior conductivity (Fig. 26b). Besides the 
studies mentioned above, temperature variation has been employed in 
the study of various other MOFs, including V-MOF [248], Cu-MOF 
[249], In-MOF [250], Ti-MOF [251], and Ni-MOF [252], with detailed 
results summarized in Table 4. 

5.2. Gas atmosphere 

The composition of materials derived from MOF is indeed deter
mined by the gas medium used during the heat treatment process. When 
MOFs are pyrolyzed in ambient atmosphere, they typically yield sub
sequent metal oxides. Conversely, pyrolysis of MOFs in inert gases like 
N2 or Ar, without subsequent acid etching, results in the formation of 
NCs composed of metals, oxides/carbides/sulfides of metals, and car
bon. The specific inorganic elements formed depend largely on the metal 
type and the synthesis conditions. In general, pyrolyzing MOF pre
cursors in an inert atmosphere led to the production of metal NP/single 
metal atom/carbon composites. These materials find significant in
terests in electrocatalysis and metal-air batteries [254]. For instance, a 
highly reactive and stable isolated single-atom Fe/N-doped PC (ISA Fe/ 
CN) catalyst, with Fe loading till 2.16 wt%, was recently produced from 
Fe-doped ZIF-8 precursors through thermal treatment in an Ar envi
ronment [255]. Afterward, Li and colleagues expanded this approach to 
create a single metal atom/carbon catalysts by pyrolyzing MOF tem
plates in Inert gas atmospheres, incorporating N species stabilized Ru3 
clusters and single W atoms assisted by NDC products [256]. Moreover, 
it’s important to note that these materials often exhibit poor electro
chemical performance and provide minimal capacity contribution when 
employed in metal ion batteries, specifically LIBs and SIBs. Hence, it is 
crucial to employ a mixture of inert and ambient atmospheres during 
pyrolysis. Under these conditions, the metal/PC composites can be 

further transformed into metal oxides/porous carbon composites, 
resulting in increased performance for LIBs, SIBs, and PIBs. Certainly, 
various gas atmospheres perform a pivotal task in shaping the compo
sition and morphology of nanomaterials derived from MOF during the 
pyrolysis route. Here are some examples: 

Inert Atmosphere (N2 or Ar): Pyrolyzing MOFs in these atmo
spheres can lead to the formation of metal nitrides and highly N-doped 
PC. For instance, micro spherical Ni-MOF was annealed in Inert atmo
sphere to produce a Ni/graphene composite. Subsequent pyrolysis in air 
resulted in hierarchical NiO/Ni/graphene composites with a hollow and 
ball-in-ball structure [257]. NH3 atmosphere has also been used as a N 
source for creating highly N-doped PC [258]. Additionally, post- 
treatment processes like sulfuration and phosphorization have been in
tegrated with inert atmospheres to derive sulfides/phosphides of metals 
[259,260]. 

Mixed Atmosphere (e.g., H2/Ar, C2H2/N2, H2/He): The use of 
mixed atmospheres enables the regulation of composite materials and 
morphology. For instance, a thermal treatment in H2/Ar environment at 
700 ◦C, followed by acid leaching of ZIF-67 particles, induces the hollow 
structure formation. In the absence of H2, polyhedron-shaped particles 
are derived [242]. Another study involves choosing a mixed C2H2/N2 
environment during heat treatment, resulting in Co/Co3ZnC@N-C-CNT 
derived from a Co/Zn-ZIF-67 template. Importantly, C2H2 gas acts as the 
carbon source for forming CNTs catalyzed by the Co metal catalyst. If N2 
replaces C2H2/N2, no CNTs are formed after heat treatment (Fig. 27) 
[261]. These examples illustrate how tailoring the gas atmosphere 
during pyrolysis offers precise control over the composition and 
morphology of MOF-derived materials, expanding their potential 
applications. 

5.3. Duration time 

Indeed, the duration time performs a significant role in modulating 
the properties of materials derived from MOF other than temperature 
and gas medium. Here are some examples illustrating its significance: 

Porous Carbon Formation: Sun et al. developed a straightforward 
approach for creating PC by in-situ ZIF-8 carbonization in an Ar 

Fig. 24. (a, b) TEM analysis of N-CNT-assembled hollow dodecahedra derived from ZIF-67 achieved at 435 ◦C. Adopted with permission from Ref. [125], Copyright 
2017, American Chemical Society. (c, d) TEM analysis of CoSe2@N-PGC/CNTs nano cubes derived from ZIF-67 achieved at 550 ◦C. Adopted with permission from 
Ref. [240], Copyright 2017, Elsevier B.V. (e, f) SEM and TEM analysis of N-doped CNT frameworks derived from ZIF-67 attained at 700 ◦C. Adopted with permission 
from Ref. [241], Copyright 2016, Springer Nature. (g, h) TEM analysis of Co@Co3O4/NC derived from ZIF-67. Adopted with permission from Ref. [242], Copyright 
2016, Wiley VCH, Janus. 
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atmosphere followed by NH3 treatment. The duration time in NH3 at
mosphere significantly impacted the surface area and porous structure 
of the resulting PC materials. Extending the treatment time from 3 to 5 
and 7 min led to an increase in pore volume and the construction of a 
hierarchically nano PC material [262]. 

Phase Composition Control: In recent work, different cobalt sul
fides were prepared by handling the Co-MOF template with varying 
duration times. A pure phase CoS1.097 was achieved under 1 h of treat
ment, while increasing the duration time to 2 h resulted in the formation 
of a mixed phase Co9S8 and CoS1.097 (Fig. 28). Interestingly, a single- 
phase Co9S8 could be achieved by replace with H2/Ar for Ar atmo
sphere [263]. These examples demonstrate that adjusting the duration 
time during MOF-derived material synthesis can be a powerful tool for 
tailoring properties such as surface area, pore structure, and phase 
composition. 

To gain a comprehensive understanding of how the duration time 
during the thermolysis activity influences the composition, morphology, 
and size of MOF-derived materials, advanced characterization methods 
like X-ray absorption fine structure spectroscopy (XAFS), high-energy X- 
ray diffraction (HEXRD), and hard X-ray photoelectron spectroscopy 
(HAXPES) have been employed. Sakata and colleagues conducted an in- 

depth investigation into the alterations in local geometrical and elec
tronic properties of thermally decomposed Ni-MOF-74 at numerous 
temperatures and duration times [264]. Their findings, based on HEXRD 
and Fourier transform (FT) analysis, revealed that extending the dura
tion time facilitated the complete precipitation of face-centered cubic 
(fcc) Ni metallic clusters and the orderly growth of fcc-Ni metal nano
clusters within the MOF matrix. Specifically, when the duration time 
was increased from 12 to 24 h, the particle size of Ni NPs grew from 4.5 
± 1.2 nm to 5.0 ± 1.2 nm. Furthermore, EXAFS data indicated that the 
larger NP size of Ni resulted in a notably lower coordination number, a 
characteristic that can be advantageous for selective catalysis. Despite 
these insights, it’s worth noting that there is a limited body of research 
dedicated to systematically exploring the relationship between duration 
time and the structural, compositional, particle size, and surface area 
properties of nanomaterials derived from MOF. 

5.4. Heating rate 

The heating rate performs an important role in determining the 
graphitization degree of the carbon component, controlling the particle 
size of MOF-derived materials, and influencing whether the initial 

Fig. 25. (a) Schematics of carbon deposited Mo-based composites. Adopted with permission from Ref. [245], Copyright 2018, American Chemical Society. (b) 
Pictorial demonstration of carbon nanomaterials formation prepared at various calcination temperatures. Adopted with permission from Ref. [246], Copyright 2013, 
Wiley VCH, Janus. 
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morphology of MOFs can be preserved. To illustrate this, Ji and col
leagues conducted a study where they carried out controlled thermolysis 
of PB with Se, resulting in the series of rod type NDC-coated FeSe2 NCs. 
They systematically increased the ramping rate from 1 ◦C min− 1 to 5 ◦C 
min− 1 and 10 ◦C min− 1 [265]. Their findings revealed that a faster 
heating rate led to an improvement in the crystallinity of the derived 
materials. However, this increase in crystallinity did not translate into 
enhanced capacitive behaviors when these materials were utilized as 
anodes for SIBs. Additionally, faster heating rates resulted in the for
mation of larger particles. This effect can be attributed to the fact that a 
rapid heating rate reduced the activation energy required for grain 
growth, leading to faster grain growth and a broader size distribution of 
particles. In contrast, a slower heating rate favored the orderly con
struction of carbon structures, resulting in thinner and more uniform 
carbon layers as depicted in Fig. 29 due to more controlled growth 
processes. In another illustrative study, Chen and colleagues successfully 

Fig. 26. (a) Pictorial demonstration of morphology dependent preparation and (b) the amount of N in Fe-N-C catalysts. Adopted with permission from Ref. [247], 
Copyright 2016, Royal Society of Chemistry. 

Table 4 
Parameters of MOF derived nanomaterials obtained by the annealing of pristine MOFs at various temperatures.  

MOF derivatives MOF 
Precursors 

Temperature 
(◦C) 

Morphology Surface area 
(m2 g− 1) 

Pore Volume 
(cm3 g− 1) 

N amount 
(wt%) 

Ref. 

In6S7-confined PC 
materials 

In-MOF  700 Micro-particles 408 0.29 0.4 [250]  
800 338 0.2 0.58  
900 448 0.4 0.35 

Hierarchical VOx/PCs V-MOF  500 Rods – – – [248]  
600 Rod morphology consists of slit type pores 84.92  
700 –  
800 – –  
900 – – 

Anatase TiO2/C MIL-125 (Ti)  600 Tablet morphology with decrease in size and 
surface roughness increased 

227.5 0.161 – [251] 
Anatase TiO2/C  700 275.8 0.171 
Anatase/rutile TiO2/C  800 350.9 0.2199 
Rutile TiO2/C  900 406.5 0.28 
NDC materials Cu-MOF  600 Highly disordered structure 37 0.14 29.42 [249]  

700 27 0.13 25.78  
800 35 0.13 20.38  
900 29 0.10 13.32 

Mesoporous NiO NRs Ni-MOF  500 NP-integrated NRs to NPs 30.2 – – [253]  
600 18.5  
700 11.2 

Ni confined in N doped 
carbon 

Ni-MOF  600 Sphere-type structure bounded by few-layered 
graphene 

116.5 – 0.89 [252]  
700 114.6 1.31  
800 122.9 0.95  
850 101.3 –  
900 80.7 0.37  

Fig. 27. Pictorial demonstration of the preparation of Co/Co3ZnC@N-C-CNT 
rhombic dodecahedron composite. Adopted with permission from Ref. [261], 
Copyright 2016, Wiley VCH, Janus. 
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produced hierarchical ZnO/NiO microstructures with varying mor
phologies by precisely controlling the ramping rate during the ther
molysis process [266]. Their results showcased that a seaweed-like 
morphology, characterized by abundant nanosheets (NSs), was achieved 
when employing a higher ramping rate of 5 ◦C min− 1. Conversely, a 
lower heating rate of 1 ◦C min− 1 led to the formation of aggregates 
consisting of NPs. This study highlights the undeniable influence of the 
ramping rate on the morphology, particle size, and the presence of 
carbon in materials derived from MOF. It also underscores the feasibility 

of tailoring the morphologies of these materials to meet specific re
quirements by selecting an appropriate heating rate. 

The various studies mentioned above clearly demonstrate the sub
stantial impact of pyrolysis parameters on the physicochemical prop
erties of nanomaterials derived MOF. The choice of temperature of heat 
treatment can govern the extent of framework maintenance, the quan
tity of heteroatoms, particle size, and electrical conductivity. In contrast, 
the gas medium primarily influences the composition of MOF derived 
nanomaterials, whether they consist of carbon/metal oxides/ 

Fig. 28. (a) Pictorial demonstration of preparation of CoS1.097, Co9S8&CoS1.097, and Co9S8 by varying the atmosphere and operating time. (b) XRD analysis of all the 
prepared moieties. Adopted with permission from Ref. [263], Copyright 2018, Wiley VCH, Janus. 

Fig. 29. TEM and HRTEM analysis of FeSe2 coated with NDC derived from PB at various ramping rates: (a, d) 1 ◦C min− 1, (b, e) 5 ◦C min− 1, (c, f) 10 ◦C min− 1. 
Adopted with permission from Ref. [265], Copyright 2018, Wiley VCH, Janus. 
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composites. Furthermore, the duration time plays a crucial role in 
determining the particle size of nanomaterials derived from MOF, while 
the ramping rate straight affects the degree of graphitization of the 
carbon materials, the particle size of MOF derived nanomaterials, and 
the preservation of morphological features. Although each of these py
rolysis parameters individually contributes to the alteration of the 
physicochemical properties of MOF derived nanomaterials, it’s essential 
to recognize that the alteration from MOF templates to high-quality 
nanomaterials relies on the synergistic interplay of temperature, gas 
medium, duration time, and ramping rate. Hence, in the MOF pyrolysis 
process, a comprehensive consideration of these factors is imperative to 
enhance the physicochemical properties and, subsequently, the elec
trochemical performance of nanomaterials derived from MOF. 

6. Electrochemical applications 

Over the past decade, there has been a substantial emphasis on 
advancing energy storage devices, particularly in the context of LIBs, 
SIBs, and PIBs. These endeavors are driven by the urgent need to tackle 
rising energy consumption and the resulting environmental concerns. 
Given the shared physical and chemical properties of Li, Na, and K, LIBs, 
SIBs, and PIBs operate on similar principles of energy storage. A pivotal 
aspect in enhancing the electrochemical performance of both these 
technologies revolves around the identification and development of 
advanced electrodes. Consequently, the pursuit of highly promising, 
high-performance materials for use in LIBs, SIBs, and PIBs has emerged 
as a prominent research area in the fields of electrochemistry and ma
terials science. In essence, the ideal electrode materials for achieving 
exceptional Li/Na/K storage performance should meet several critical 
criteria: 

• They should feature nanoscale voids and open channels that facili
tate thorough infiltration by the electrolyte. 

• A high specific surface area is crucial to maximize the interface be
tween the electrode and electrolyte.  

• Exceptional electrical conductivity is essential to promote efficient 
transfer of both mass and electrons. 

• The presence of hollow or porous structures is necessary to accom
modate the volume changes that occur during the cycling activity. 

MOFs have emerged as highly favorable sacrificial templates for 
crafting porous nanomaterials that align perfectly with these re
quirements. Nanostructures derived from MOFs offer several advan
tages, including precise control over chemical composition, tunable 
porosity, a substantial surface area, and reduced distances for both 
electron and ion transport [267]. Furthermore, when considering their 
use in LIBs, SIBs, and PIBs, MOF-derived nanostructures exhibit two 
additional strengths compared to other materials. Initially, their 
exceptional porosity and extensive surface area play a pivotal role in 
expediting ion transport and insertion processes, ensuing in improved 
reversible capacity and more efficient kinetics. Additionally, the pres
ence of ample cavities, often accompanied by carbonaceous compo
nents, helps to alleviate structural strain during the repetitive insertion 
and extraction of Li/Na/K-ions, thus promoting an extended cycle life 
[268]. These remarkable characteristics are closely associated with the 
thermolysis activity of MOF templates. This segment provides a 
comprehensive overview of recent notable advancements in utilizing 
MOF-derived nanostructures as an anode for LIBs, SIBs, and PIBs, while 
also exploring the intricate relationship between pyrolysis parameters, 
nanomaterials derived from MOF, and its performance in LIBs, SIBs, and 
PIBs. 

6.1. Li-ion batteries 

Since their commercial debut in the 1990s [269], LIBs have become 
emblematic representatives of next-generation electrochemical energy 

storage sector, offering significant utility in the realm of portable elec
tronic devices. This recognition is primarily attributable to their rela
tively high theoretical energy density, enduring cycle stability, and 
minimal self-discharge [270]. Despite notable advancements, such as 
the integration of LIBs into hybrid electric vehicles, their energy density 
and intrinsic low power density still require enhancement to meet the 
escalating demands of future markets. LIBs comprise various compo
nents, including the cathode, anode, separator, and electrolyte. Among 
these, the anode is particularly crucial as it facilitates the reversible 
absorption and release of Li-ions originating from the cathode. The 
widely adopted graphite anode, known for its low specific capacity of 
372 mAh g− 1, falls short of satisfying the growing market demands. 
Therefore, the development of promising anodes with improved elec
trochemical performance is of paramount significance. MOF-derived 
nanostructures, renowned for their high chemical and mechanical sta
bility, extensive surface area, and adaptable pore structure, have proven 
to be formidable alternatives to conventional inorganic materials and 
NCs for addressing this challenge [268]. 

6.1.1. Metal oxides derived from MOF 
Metal oxides (MOs) are gaining prominence as favorable options to 

the industrial graphite anode owing to its abundant resources, cost- 
effectiveness, and higher reversible capacities, which often exceed 
600 mAh g− 1. These capacities are attained via conversion reactions that 
occur during the charge/discharge processes [271]. Though, traditional 
MOs as anodes often face challenges such as limited rate performance 
and poor capacity retention. As a result, there is a growing interest in 
exploring novel MOs, especially those with adjustable sizes and 
controllable morphologies. The pyrolysis of MOFs in an air environment 
has proven to be an effective method for producing various types of MOs 
with enhanced Li storage performance. The specific enhancements 
typically depend on the kinds of metal ions used and the inherent 
structures of the MOFs. Recent developments in MOF-derived MOs, 
featuring varied morphologies, and their applications in LIBs are sum
marized in Table 5. 

MOFs can act as sacrificial templates for the synthesis of MOs. Mixed- 
valence Co3O4 has attracted significant interest due to their impressive 
theoretical capacity of 890 mAh g− 1, depending on an 8-electron con
version mechanism. Various Co3O4 related materials have been suc
cessfully synthesized through the Co-MOFs calcination and have been 
explored for their potential as an anode in LIBs [281]. For example, the 
Xu research group developed agglomerated Co3O4 NPs, with a diameter 
of approximately 250 nm, consisting of smaller Co3O4 NPs, each around 
25 nm in size. This material was created by heating Co-MOFs to 600 ◦C 
in ambient environment with a ramping rate of 10 ◦C min− 1 [299]. 
While this material revealed a high reversible capacity of 965 mAh g− 1 

after 50 cycles, it faced challenges in terms of rate capacity and cycle 
stability. Subsequently, numerous Co3O4 heterostructures were synthe
sized by Co-MOFs as either sacrificial templates or precursors, revealing 
that morphology shows a critical role in influencing the electrochemical 
performance of Co3O4. 

Han and colleagues successfully prepared a hollow Co3O4 with 
enhanced Li-storage through a two-way annealing process using paral
lelepiped Co-MOF in an air environment (Fig. 30a) [300]. Moreover, 
Tian et al. also achieved Co3O4 hollow tetrahedra by calcination of a Co- 
MOF at 500 ◦C in ambient environment (Fig. 30b) [301]. The distinctive 
structure of Co3O4 contributed to its outstanding rate capabilities with 
capacities of 1196 mAh g− 1 at 50 mA g− 1 and 1052 mAh g− 1 at 200 mA 
g− 1 after 60 cycles, respectively. Furthermore, the same research group 
reported 2D Co-BDC nanoplates composed of Co2+ and BDC2− by the 
diffusion-mediated control technique in the absence of structure 
directing agents. Subsequently, in another study wrinkled porous Co3O4 
NSs prepared through annealing process (Fig. 30c) [272]. These Co3O4 
NSs offered increased porosity, larger surface areas, higher aspect ratios, 
and more accessible sites, resulting in improved retention in capacity 
and rate capacity compared to bulk-type Co3O4. The material 
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maintained a capacity of 1477 mAh g− 1 at a rate of 100 mA g− 1 after 
160 cycles. Even when cycled at 1 A g− 1, a substantial capacity of 775 
mAh g− 1 was still retained after 200 cycles. Porosity also plays a sig
nificant role in electrochemical performance beyond morphology help
ing to mitigate volume changes and facilitating Li+ diffusion during the 
charge/discharge activity. Li and colleagues employed a MOF-71 as a 
template to create Co3O4 materials, represented as MOF-71@300 N and 
MOF-71@450 N, using a calcination process at various temperatures 
(300 ◦C and 450 ◦C) and durations (12 h and 1.5 h). MOF-71@300 N 
exhibited distinct mesoporous characteristics, smaller particle size and 
higher surface area, compared to MOF-71@450 N. Consequently, MOF- 
71@300 N demonstrated good cycle stability and superior rate capa
bility when used as an electrode of LIB (Fig. 30d) [302]. 

Fe2O3 is a promising and competitive anode material that has 
garnered significant attention, owing to its advantages such as lower 
cost and conversion-type mechanism compared to Co3O4 [303]. Xu and 
colleagues stated an innovative approach using MOFs as templates for 
the synthesis of Fe2O3 as an anode for LIBs [298]. They employed a two- 
way heat treatment approach (500 ◦C in N2 and 380 ◦C in air) to produce 
α-Fe2O3 while preserving the parent MOF morphology (Fig. 30e). The 
resulting mesoporous spindle-type material had dimensions of 800 nm 
in length, 400 nm in width, and was composed of clustered Fe2O3 NPs, 
each under 20 nm in size (Fig. 30f, g). This exceptional structure 
conferred significantly improved Li-storage performance upon α-Fe2O3, 
including capacity of 911 mAh g− 1 at 0.2 C after 50 cycles and excellent 
rate capacity compared to bulk Fe2O3 obtained by direct calcination of 
Fe-MIL-88 at 380 ◦C in the air atmosphere (Fig. 30h, i). In contrast, 
Banerjee and colleagues employed a calcination approach for the Fe- 
MIL-88 at 550 ◦C in the air atmosphere, resulting in the formation of 
α-Fe2O3 nanospindles [288]. Although they observed comparable 

capacity retention compared to α-Fe2O3 obtained through the two-way 
heat treatment approach, the initial step produced α-Fe2O3 showed 
inferior rate capacity, highlighting the crucial role of calcination con
ditions in determining the performance of MOs derived from MOF. 
Additionally, PB and its analogs, a type of MOF have also been used for 
producing porous Fe2O3 NCs with enhanced Li-storage, particularly in 
terms of rate performance [290]. 

Besides the previously mentioned MOs, various other MOF derived 
MOs have been investigated as an anode for LIBs, including ZnO [304], 
NiO [293], GeO2 [282], and TiO2 [292], all of which have exhibited 
impressive electrochemical performance. Furthermore, Mn-based oxides 
derived from MOFs, particularly Mn2O3, have gained attention as 
favorable anode of LIBs owing to their low transition potential and 
voltage hysteresis. For instance, Bai and colleagues utilized cost- 
effective and an easily synthesized Mn-MOF to prepare Mn2O3 at 
600 ◦C with the ramping of 10 ◦C min− 1 for 3 h. For comparison, they 
also prepared micro-sized nonporous Mn2O3 from industrial MnO2 
[295]. The porous structure offered a larger surface area, effective 
electrode-electrolyte contact, and the ability to accommodate significant 
volume changes, resulting in exceptional retention in capacity (705 
mAh g− 1 at 1 A g− 1 after 250 cycles) and outstanding rate capability. 
Consequently, they produced polyhedron-shaped Mn2O3 by the heat 
treatment of Mn-MOF at 750 ◦C with a ramping of 5 ◦C min− 1 for 4 h. 
This material exhibited outstanding performance, characterized by 
prolonged cycle performance, a high specific capacity, and exceptional 
rate performance (819.8 mAh g− 1 after 1200 cycles at 1 A g− 1 and 760 
mAh g− 1 after 1000 cycles at 2 A g− 1) [297]. 

Furthermore, CuO derived from MOF also found utility as an anode 
for LIBs. For illustration, Banerjee and colleagues informed the synthesis 
of CuO NPs resultant from the MOF-199 at 550 ◦C for 2 h and employed 

Table 5 
Metal oxides derived from MOF for LIBs.  

MOF derived MOs Pristine MOF Initial discharge/charge 
capacity (mAh g− 1) 

Current density 
(A g− 1) 

Cycle 
number 

Capacity after cycles 
(mAh g− 1) 

Ref. 

Co3O4 NSs Co-BDC nanoplates 1392/961 1.0  200 775 [272] 
Co3O4 hollow dodecahedrons ZIF-67 1735/1083 0.1  140 1265 [273] 
NiCo2O4/NiO hollow 

dodecahedron 
ZIF-67 1622/1030 0.2  100 1497 [274] 

Zn-doped hollow core-shell Co3O4 Zn-ZIF-67 − /− 1.0  700 1600 [275] 
(Cu0.30Co0.7)Co2O4/CuO (Cu, Co)3(BTC)2 MOF 712/324 1.0  1000 610 [276] 
Hierarchical Porous Te@ZnCo2O4 

NFs 
Co-Zn-ZIF-8, Te NWs 1364/839 0.1  100 956 [277] 

Co3O4/MoS2 ZIF-67, ammonium molybdate, 
thiourea 

1136.4/912.4 0.1  100 1200 [278] 

Multishelled NixCo3-xO4 Hollow 
Microspheres 

Ni-Co-BTC MOF 1619.2/1139.3 1.0/2.0  300 832/673 [279] 

Mesoporous NiMn2O4 MnNi-BTC MOF 1738/1049 0.503  400 413 [280] 
Co3O4 film on Ti NWAs ZIF-67, Ti NWAs − /− 20.0  2000 300 [281] 
GeO2 NSs Ge-MOF 2079/1315 0.1  350 1393 [282] 
CoMoO4/Co3O4 hollow porous 

octahedrons 
Co2[Mo(CN)8].xH2O 1175.1/1021.3 0.2  100 1050.3 [283] 

Porous NixFe3-xO4 Nanotubes-0.25 Fe-Ni-BDC MOF 1466/1223 0.25  200 1184 [284] 
Hollow H-Fe2O3-NSA MIL-88 microrods 1308/1025 1.0  400 973 [285] 
Mesoporous NiO NR-500 Ni-BTC MOF 1309/942 0.1  100 1019 [253] 
Co3O4–CoFe2O4–12 MOF-74-FeCo 1328/918 0.1  80 940 [286] 
Porous Mn1.8Fe1.2O4 NCs Prussian blue analogues (PBA) 2312/1337 0.2  60 827 [287] 
α-Fe2O3 Fe-BDC MOF 1487/1024 0.1  40 Ca. 920 [288] 
Co3V2O8 V-Co-BDC MOF 1536/934 1.0  700 501 [289] 
Porous Fe2O3 NCs PB 1269/914 0.2  50 800 [290] 
Mesoporous hetero-ZnFe2O4/ZnO 

NSs 
PBA 1156/839 1.0  500 383 [291] 

Hierarchical meso-/macroporous 
anatase TiO2 

MIL-125(Ti) 304/219 0.84  200 155 [292] 

Porous NiO NRs Ni-MIL-77 743/519 0.1  60 700 [293] 
Mesoporous Ni0.3Co2.7O4 NR Co/Ni-MOF-74 1666/1189 2.0/5.0  500 812/656 [294] 
Porous Mn2O3 [Mn(Br4− bdc)(4,4′-bpy)(H2O)2]n 1158/852 1.0  250 705 [295] 
Fe2O3@NiCo2O4 porous nanocages Core-shell Co3[Fe 

(CN)6]2@Ni3[Co(CN)6]2 NCs 
1311.4/902.7 0.1  100 ca. 1000 [296] 

Mini-Hollow Mn2O3 Mn-MOF − /− 2.0  1000 760 [297] 
Spindle-like porous α-Fe2O3 MIL-88-Fe 1372/940 0.2  50 911 [298]  
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as an anode in LIBs [305]. They adopted a two-way heat treatment route 
(300 ◦C with a ramping of 10 ◦C min− 1 for 30 min in N2 followed by 
another 60 min in ambient atmosphere) to produce a porous CuO hollow 
octahedron using the MOF-199 template. This product demonstrated 
significantly improved Li-storage activity, boasting capable rate per
formance and tremendous cycle stability [306]. Further, the growth of 
MOs on 3D electroconductive substrates has proven efficient to increase 
the electrical conductivity of resulting MO electrodes. As an illustrative 
example, Liang and co-workers coated ZnO or Co3O4 NSs onto NF or CF 
substrate by annealing in the air temperature [307]. Leveraging the 
merits of NS structures and 3D electroconductive substrates, these 

composite materials, particularly Co3O4/3DNF, demonstrated excep
tional cycle stability and rate capacity enduring till 2000 cycles at 5 and 
20 A g− 1. It’s evident that the several MOs discussed above are primarily 
obtained from single-metallic MOFs. While these materials have ach
ieved superior energy storage performance compared to MOs prepared 
using traditional inorganic techniques, they still face challenges related 
to poor rate/cycle performance. These challenges have the potential to 
impede their future development. Researchers have been working on the 
preparation of binary-, ternary-, and even multi-doped MOs through the 
calcination of bimetallic or polymetallic MOF precursors to address this 
issue. This multi-element doped MOs have shown significant 

Fig. 30. (a) Schematics of hollow Co3O4 parallelepipeds. Adopted with permission from Ref. [300], Copyright 2015, American Chemical Society. (b) Pictorial 
demonstration of the preparation route of Co3O4 hollow tetrahedra. Adopted with permission from Ref. [301], Copyright 2015, Royal Society of Chemistry. (c) 
Schematics of winkled porous Co3O4 NS formation. Adopted with permission from Ref. [272], Copyright 2018, Royal Society of Chemistry. (d) Pictorial demon
stration of nanostructured Co3O4. Adopted with permission from Ref. [302], Copyright 2015, Royal Society of Chemistry. (e) Schematics, (f, g) TEM analysis, (h) 
stability study, and (i) rate capability of spindle-like mesoporous α-Fe2O3 derived from MIL-88-Fe. Adopted with permission from Ref. [298], Copyright 2012, 
American Chemical Society. 
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improvements in Li-storage performance compared to their single MOs 
counterparts. 

Through a two-step process involving the synthesis of bimetallic- 
doped MOF precursors and subsequent calcination, binary MOs are 
created. In one such example, bimetallic NiFe-MIL-88 with needle sha
ped morphology was initially synthesized using a co-precipitation pro
cess. Then it was subjected to thermal treatment at 500 ◦C for 1 h in the 
Ar environment followed by another 1 h heating step at 500 ◦C in an air 
environment. This process yielded porous NixFe3-xO4 (NFO) NTs 
(Fig. 31a, b) [284]. The NFO-0.25 sample, optimizing the molar ratio of 

Fe3+ to Ni2+, exhibited superior Li-storage activity (1184 mAh g− 1 at 
0.25 A g− 1 after 200 cycles) shown in Fig. 31c. In another study, Zhang 
and colleagues successfully produced NixCo3-xO4 by utilizing a bime
tallic NiCo-MOF as the self-sacrificing template and precursor [279]. 
During the heat treatment process, the heterogeneous reduction phe
nomenon generated by nonequilibrium calcination led to the formation 
of a multi-shelled hollow structure (Fig. 31d). The novel morphology 
and compositions of NixCo3-xO4 resulted in good cycle stability and high 
capacity when utilized as an anode for LIBs (Fig. 31e). Moreover, 
bimetallic MOFs have been employed as templates or precursors to 

Fig. 31. (a) Pictorial demonstration, (b) TEM analysis, and (c) stability study of the NixFe3-xO4 NTs. Adopted with permission from Ref. [284], Copyright 2015, Wiley 
VCH, Janus. (d) The preparation mechanism and (e) stability study of multi-shelled hollow NixCo3-xO4 microsphere. Adopted with permission from Ref. [279], 
Copyright 2017, Wiley VCH, Janus. 
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prepare binary MOs with remarkable energy storage performance. For 
instance, MnFe-PBA was subjected to a heat treatment in the air envi
ronment for 2 h at 450 ◦C, resulting in the formation of Mn1.8Fe1.2O4 NCs 
[287]. This material exhibited a remarkable Li-storage capacity and 
exceptional cycle stability. Likewise, Wang and colleagues initially 
synthesized Fe-PBA and subsequently underwent an ion exchange pro
cess to obtain MgFe-PBA [308]. By subjecting the MgFe-PBA precursor 
to a heat treatment in air atmosphere at 700 ◦C for 6 h, they successfully 
derived MgFe2O4 microboxes, which demonstrated improved Li-storage 
and rate performance. Additionally, porous nanostructured ZnCo2O4 
was synthesized from ZnCo-MOF and utilized as an anode for LIBs [309]. 
These materials hold great promise for enhancing LIB performance. 

Moreover, multi-component binary or multi-MO composites have 
been successfully synthesized by utilizing yolk-shell MOF templates or 
adjusting the molar ratios of metal ions during the preparation process 
or by selecting suitable calcination conditions. Huang and colleagues 
employed a hydrothermal route to create yolk-shell NiFe-MIL-88/Fe- 
MIL-88 structures, which served as precursors for the subsequent syn
thesis of hierarchical NiFe2O4/Fe2O3 NTs through heat treatment for 6 h 
in an air atmosphere at 450 ◦C (Fig. 32a-c) [310]. The resulting NT 
structure, characterized by a hierarchical porous and hollow design, 
effectively reduced diffusion distances, enhanced electrode-electrolyte 
interactions, and accommodated volume changes. These features 
endowed NiFe2O4/Fe2O3 NTs with outstanding electrochemical perfor
mance. In a related study, they utilized yolk-shell CoFe-PBA@NiCo-PBA 
nanocubes (NCs) as self-sacrificial template to produce Fe2O3@NiCo2O4 
nanocages, featuring an average diameter of 213 nm (Fig. 32d-h) [296]. 
Leveraging the morphological advantages of these nanocages, the 
resulting material exhibited improved capacity and rate capability. 
Furthermore, in a recent development, Yuan and colleagues investigated 
the preparation of hollow CoMoO4/Co3O4 octahedrons after the heat 
treatment of PBA precursor in an ambient temperature for 2 h at 450 ◦C 
with a ramping of 2 ◦C min− 1 [283]. Our group also successfully pre
pared a Co3O4-CoFe2O4 composite with superior Li-storage performance 
than the pure Co3O4 by utilizing the FeCo-MOF-74 precursor [286]. 
Additionally, other mixed MO composite materials have been developed 
using bi/multi-metallic MOF templates. These include porous NiCo2O4/ 
NiO hollow dodecahedrons [274], self-assembled ZnO/Co3O4 NC 

clusters, hollow CuO@NiO spheres [311], and Fe2O3/ZnO composites 
[312]. These materials have exhibited even better energy storage per
formances compared to its equivalent single-component counterparts. 

6.1.2. Porous carbon derived from MOFs 
Traditional porous carbon materials are typically obtained through 

the physical/chemical carbonization methods or direct carbonization of 
organic precursors. However, these carbon materials have specific lim
itations, like disordered structure, lower surface area, and non-uniform 
size distribution, which restrict its utilization in LIBs [313]. To over
come these drawbacks, researchers have turned to carbon materials 
derived from MOFs. MOFs are uniquely suited to serve as templates or 
precursors for creating PC materials owing to their open-framework 
structure, organic moieties, and high surface area. These porous car
bon materials can be derived by the heat treatment of MOFs in an inert 
temperature, like N2, Ar, or Ar/H2. Xu et al. studied the first instance of 
nanoporous carbon (NPC) derived from MOF [314], numerous PC 
products have been prepared from MOF templates. These materials have 
demonstrated significantly improved electrochemical performance 
compared to industrial graphite when used as an anode for LIBs 
(Table 6) [311]. Furthermore, carbonaceous products doped with het
eroatoms can also be synthesized by either directly carbonizing MOFs 
with organic ligands containing heteroatoms like N and S or by intro
ducing a secondary N species. For example, Shen and colleagues con
ducted a study where they synthesized N-modified carbon from MOF 
template through a process involving treatment in an Ar atmosphere at 
700 ◦C, along with subsequent HNO3 and HCl etching processes [318]. 
The resulting electrode made of nanocarbon displayed a discharge ca
pacity of 853.1 mAh g− 1 at 500 mA g− 1 after 800 cycles. An impressive 
breakthrough in the realm of heteroatom-doped PC derived from MOF as 
an anode for LIBs was achieved by the Chen research team shown in 
Fig. 34a-b (Fig. 33a-b) [238]. In this pioneering work, they crafted a N- 
doped graphene particle analogue with an astonishing N amount till 
17.7 wt% by carbonizing polyhedron-type ZIF-8 precursors. Thanks to 
its distinctive structure and substantial N doping, the adjusted N-C-800 
product demonstrated extraordinary Li-storage activity. It reached a 
specific capacity of 2132 mAh g− 1 at 100 mA g− 1 after 50 cycles, and an 
impressive 785 mAh g− 1 at a current density of 5 A g− 1 after 1000 cycles. 

Fig. 32. (a) Schematics of preparation mechanism (b, c) TEM analysis of NiFe2O4/Fe2O3 NTs. Adopted with permission from Ref. [310], Copyright 2014, Royal 
Society of Chemistry. (d) The formation process and (e-h) TEM analysis of porous Fe2O3@NiCo2O4 nanocages. Adopted with permission from Ref. [296], Copyright 
2014, Royal Society of Chemistry. 
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Density functional theory (DFT) analysis proposed that by preventing 
oxidation at the graphene sheets edges, an abundance of active sites for 
attaching N atoms, particularly pyridinic/pyrrolic N could be provided, 
thus enhancing the performance of electrochemical activity. Subse
quently, they derived porous carbon products with disordered structures 
from a Zn-MOF template, which exhibited an ultrahigh specific capacity 
along with promising rate capability (Fig. 33c) [320]. Small-angle X-ray 
scattering (SAXS) analysis validated that the thermolysis activity in the 
vacuum atmosphere induced the multi-fractal structure formation of PC 
and the creation of additional closed pores. These structural character
istics reduced the electrolyte penetration distance and provided 

numerous active sites for Li-storage, contributing to remarkable elec
trochemical activity of the material. 

To further augment the Li-storage capabilities of MOF-derived 
carbonaceous products, researchers have integrated additional 
conductive substrates during the preparation of MOF templates to 
enhance the kinetics of electrochemical activity. Zhang and their 
research team introduced an N-doped PC-rGO sheet, referred to as 
NPCGS, through a simple heat treatment of sandwich-type ZIF-8/GO 
moiety as depicted in Fig. 33d [317]. Hierarchical pores were formed by 
selectively removing residual Zn and ZnO using HCl. This novel struc
tural characteristic conferred superior LIB performance compared to 

Table 6 
Porous carbon derived from MOFs for LIBs.  

MOF derived porous 
carbon 

MOF templates Initial discharge/charge capacity 
(mAh g− 1) 

Current density (A 
g− 1) 

Number of 
cycles 

Capacity after cycles 
(mAh g− 1) 

Ref. 

PNCs@Gr ZIF-8, GO sheets − /− 5.0  400  530 [315] 
Porous carbon [Cd3(TCPB)2(H2O)2(DMF)2].7H2O 2486/1683  0.3  300  1285 [316] 
N-doped PC coated 

graphene 
ZIF-8, GO 1391/873  0.5  200  1040 [317] 

N-modified carbon Cu-MOF 1584.4/942.1  0.5  800  853.1 [318] 
Highly N-doped PC-800 ZIF-8 3487/2037  5.0  1000  785 [238] 
N-C-550 TCNQ-based Sr-MOF 1043/675  0.1  50  736.8 [319] 
Multifractal PC MOF-5 − /− 0.74  50  2016 [320]  

Fig. 33. (a) Formation mechanism and (b) Cycle stability at current densities of 5 A g− 1 of N-doped PC. Adopted with permission from Ref. [238], Copyright 2014, 
Springer Nature. (c) Preparation of porous carbon. Adopted with permission from Ref. [320], Copyright 2017, Springer Nature. (d) Formation of N-doped PC 
deposited graphene sheets. Adopted with permission from Ref. [317], Copyright 2017, Royal Society of Chemistry. (e) Preparation of graphene dependent NDC. 
Adopted with permission from Ref. [315], Copyright 2016, Royal Society of Chemistry. 
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conventional N-doped PC. Similarly, Liu and their colleagues employed 
the ZIF-8/GO template to effectively craft a sandwich-type, graphene- 
based porous NDC (PNCs/Gr) (Fig. 33e) [315]. This material exhibited 
amazing capacity, outstanding rate/cycle performance. It sustained a 
capacity of 530 mAh g− 1 at 5 A g− 1 after 400 cycles, with a capacity 
retention rate of 84.4 %. These results outperform the performance of 
many other carbonaceous products and MO-type anodes derived from 
MOFs. 

6.1.3. Metal chalcogenides derived from MOF 
LIBs have risen to prominence as a preferred choice among energy 

storage devices, attracting growing interest from researchers owing to 
its high operating voltage, impressive energy density, and reduced 
ecological impact [326]. Nonetheless, the traditional graphite anodes 
used in LIBs have a restrained theoretical capacity of 372 mAh g− 1. 
Thus, there exists a critical need to significantly improve the LIBs per
formance [327]. One effective strategy is the development of innovative 
electrode materials with exceptional electrochemical characteristics. 
Transition metal chalcogenides (TMCs), including Sulfides (S), Selenides 
(Se), and Tellurides (Te), have displayed immense potential due to their 
improved conductivity and higher Li-storage capabilities compared to 

MOs. Chalcogenides have been successfully synthesized from MOFs 
[328]. Nanomaterials derived from MOF can inherit the morphology of 
their templates, offering improved electrochemical advantages by 
shortening the Li+ diffusion pathways and facilitating rapid electrolyte 
penetration. However, researchers have targeted various strategies to 
improve the performance of electrodes due to the thermal stability and 
low conductivity of MOFs. These strategies encompass doping with both 
metals as well as non-metals, additional heat treatments through calci
nation, and the incorporation of graphene to fabricate hybrid materials. 
Cobalt sulfide (CoxSy) stands out as a highly favorable material for 
conversion-type electrodes, falling under the chalcogenides category. It 
exhibits exceptional electrochemical activity and an impressive theo
retical capacity exceeding 400 mAh g− 1. To harness the potential of 
MOF-based nanomaterials, researchers have explored the synthesis of 
cobalt sulfide hybrids containing carbon. This approach effectively en
hances both conductivity and stability. As an example, Shangguan and 
colleagues [321] introduced a MOF-derived structure in the form of a 
hollow polyhedron composite, Co9S8/HNCS, which features an NDC 
shell with dimensions of approximately 900 nm. Within this structure, 
uniform Co9S8 NPs of around 11 nm are uniformly enveloped (Fig. 34a). 
This unique architecture significantly improves the electrical 

Fig. 34. (a) Pictorial demonstration of formation process. (b) Cycle stability at 500 mA g− 1 of Co9S8/HNCS composite. Adopted with permission from Ref. [321], 
Copyright 2019, Elsevier B.V. (c) Pictorial representation of formation mechanism. (d) Cycle stability of the Co3S4/MWCNT composite and Co3S4 electrode at 200 
mA g− 1. Adopted with permission from Ref. [322], Copyright 2018, American Chemical Society. (e) Schematic illustration of the preparation. (f) Cycle stability of Co- 
Zn-Se@C and CoSe2@C at 1 A g− 1. Adopted with permission from Ref. [323], Copyright 2018, Elsevier B.V. (g) Schematic illustration of the synthesis process. (h) The 
GCD plots of cobalt sulfide multi-shelled nanoboxes (MSNBs) at 500 mA g− 1 with various shell numbers. Adopted with permission from Ref. [324], Copyright 2019, 
Wiley VCH, Janus. (i) Voltage plots at different current densities and (j) rate capability test. Adopted with permission from Ref. [325], Copyright 2022, Royal Society 
of Chemistry. 
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conductivity, increases the active sites, shortens the Li+ diffusion path
ways, and accommodates the volume changes throughout Li+ insertion/ 
extraction. Impressively, the composite demonstrates an outstanding 
capacity of 755 mAh g− 1 at 0.5 A g− 1 after 200 cycles (Fig. 34b). 

Metal sulfides and selenides are highly promising as probable anodes 
due to their impressive theoretical capacities. However, it has become 
essential to incorporate carbon materials to enhance cycle stability and 
rate capacity. Carbon materials serve multiple purposes, such as 
enhancing conductivity, preventing the agglomeration and suspension 
of active compounds, and providing structural support to withstand 
volume fluctuations. A thoughtfully fabricated porous structure with a 
great surface area can successfully assist the volume changes that occur 
during repeated cycling [329]. In a noteworthy study conducted by Jin 
et al. [330], a composite material was developed, comprising binary 
metal selenides (ZnSe/CoSe) encapsulated within NDC polyhedra 
organized with CNTs. This composite, known as ZCS@NC/CNTs, 
established a strong and interconnected conductive network with 
porous structures that significantly reduced the diffusion pathways for 
Li+ ions within the hierarchical structure. The observed synergistic ef
fects resulted from two critical factors: (1) the ZIF derived ZnSe/CoSe 
possessed substantial surface area and capacity, and (2) the CNTs and 
NDC polyhedra collaboratively created interconnected conductive net
works, reducing the diffusion pathways for both Li+ ions and electrons, 
thereby enhancing Li+ insertion capabilities, particularly in terms of rate 
performance. The porous NDC polyhedra portray a dual function in ion 
storage and facilitating transfer of charge at the electrode and electro
lyte interface. Furthermore, the voids within the carbon polyhedra 
efficiently assist the volume variations that occur during the Li+ inser
tion/extraction activity, contributing to stable cycle performance. When 
utilized as an anode for LIBs, the synthesized ZCS@NC/CNTs displayed 
remarkable attributes, including high capacity, and exceptional rate/ 
cycle performance. Notably, the material maintained a stable capacity of 
768 mAh g− 1 at 1 A g− 1 after 1000 cycles. Similar cycle performance of 
chalcogenides derived from MOF with the incorporation of carbon was 
noticed in MOF-derived hollow Co3S4/MWCNT NCs (Fig. 34c, d) [322]. 
While Co3S4 exhibited electrolyte decomposition and the formation of 
an irreversible Solid Electrolyte Interphase (SEI) layer, the presence of 
MWCNTs permitted volumetric expansion/contraction, reducing the 
active material loss. Furthermore, the mixed metals incorporation dur
ing MOF preparation not only resulted in improved capacity but also 
enhanced stability of material when utilized as an electrode for LIBs. As 
depicted in Fig. 34e, f, the cycle performances of MOF-derived Co-Zn- 
Se@C, in comparison to CoSe2@C [323], demonstrated that the inherent 
porous nature and the synergistic effect of the two metal species 
contributed to the excellent cycle stability and high specific capacity of 
Co-Zn-Se@C for LIBs. Moreover, Lou et al. [324] report the synthesis of 
cobalt sulfide multi-shelled nanoboxes through MOF-engaged complex 
anion conversion and exchange processes. The polyvanadate ions 
transformed from metavanabate ions in alkaline media first react with 
ZIF-67 nanocubes to form ZIF-67/cobalt polyvanadate yolk-shelled 
particles. Afterwards, the as-formed ZIF-67/cobalt polyvanadate yolk- 
shelled particles are gradually converted to cobalt divanadate multi- 
shelled nanoboxes by a solvothermal treatment under neutral condi
tion. The cobalt sulfide multi-shelled nanoboxes are produced through 
the ion exchange reaction with S2− ions and a subsequent annealing 
treatment as shown in Fig. 34g. The as-obtained cobalt sulfide multi- 
shelled nanoboxes exhibit enhanced sodium storage properties when 
evaluated as anodes for SIBs. For example, a high specific capacity of 
438 mAh g− 1 can be retained after 100 cycles at the current density of 
500 mA g− 1 for the triple-shelled nanoboxes (Fig. 34h). Besides, Cobalt 
telluride anchored to N-rich carbon dodecahedra (CoTe@NCD) was 
synthesized by simultaneous pyrolysis‑tellurium melt impregnation of 
ZIF-67 MOFs [325]. The purely thermal method involved no secondary 
chemicals and no waste byproducts. The result is a microstructure 
consisting of nanoscale 86 wt% CoTe intermetallic nanoparticles con
tained within a thin N-rich carbon matrix. During electrochemical 

cycling, the 21 nm average diameter CoTe provides short diffusion paths 
for Na+ ions, which in conjunction with the electrically conducting 
carbon matrix allow for rapid sodiation. As SIB anodes, CoTe@NCD 
demonstrates attractive reversible capacity, promising cycling stability, 
and state-of-the-art rate performance (Fig. 34i, j). 

Post-treatments of MOF-derived NCs, like sulfurization, selenization, 
and phosphorization, offer effective strategies to further enhance their 
Li-storage performance. For instance, Lou and colleagues developed 
hollow CoS2 prisms composed of two-step process involving sulfidation 
followed by heat treatment for 2 h at 350 ◦C in N2 atmosphere with a 
ramping of 2 ◦C min− 1 (Fig. 35a-c) [331]. Utilizing its novel hollow 
structure, these CoS2 prisms exhibited improved performance, deliv
ering a capacity of 737 mAh g− 1 at 1000 mA g− 1 after 200 cycles 
(Fig. 35d). In a similar manner, Yu and collaborators synthesized hollow 
Co9S8 NPs embedded in a GC NC through heat treatment at 500 ◦C for 4 
h in Ar/H2 gas with a rate of 1 ◦C min− 1, connected with the process of 
sulfurization of ZIF-67 template [333]. In another study, Zaworotko 
et al. investigated a CuxS NW-in‑carbon composite via the direct Cu- 
MOF sulfurization in the Ar environment (Fig. 35e, f). The phase of 
the material can be able to change by optimizing the temperature for 
sulfurization, and the adjusted Cu1.8S/C-500 composite exhibited su
perior performance [332]. Another valuable approach involves seleni
zation to prepare metal selenides/carbon NCs from MOF templates. 
Zhao et al. prepared the ZnSe/CoSe confined in NDC polyhedra inter
connected with CNTs (ZCS@NC/CNTs) through in-situ heat treatment 
followed by selenization of ZnCo-ZIF [330]. The resulting ZCS@NC/ 
CNTs demonstrated a high capacity of 768 mAh g− 1 at 1000 mA g− 1 

after 1000 cycles (Fig. 35g, h). 
Furthermore, the incorporation of metallic Sn or SnO2 in MOF- 

derived NCs represents another effective strategy for enhancing their 
performance of electrochemical activity. Mai et al. pioneered a method 
in which a combination of H2BDC and CoSn(OH)6 was initially heated to 
produce a CoSnO3@MOF precursor. Subsequently, this precursor was 
carbonized to create carbon encapsulated SnO2/Co (SnO2/Co@C) NCs 
in the inert environment (Fig. 36a) [334]. These NCs exhibited excep
tional cycle life and rate performance. Remarkably, they maintained a 
high capacity of approximately 400 mAh g− 1 at 5 A g− 1 after 1800 cycles 
(Fig. 36b). In a similar fashion, our group prepared a hybrid material 
consisting of SnO2 NPs enveloped by NDC composite [336]. In this work, 
NDC was first synthesized from ZIF-8 through carbonization followed by 
etching with HCl. Subsequently, SnO2 NPs were encapsulated within the 
MOF-derived carbon matrix by the heat treatment of blend of NDC and 
tetraphenyltin in the presence of vacuum. The novel structural features 
of this material endowed it with outstanding Li-storage capability and 
cycle life. Similarly, Lu and colleagues described a NC composed of 3D 
NPC frameworks encapsulating Sn NPs (Sn@3D-NPC) by directly py
rolyzing MOFs to obtain 3D NPC frameworks followed by a reduction to 
convert Sn4+ to Sn NPs within the carbon matrix [337]. This composite 
exhibited high capacity, outstanding rate performance and cycle 
stability. 

6.1.4. Metal phosphides derived from MOF 
Moreover, phosphorization represents another valuable technique 

for improving energy storage activity of MOF-derived NCs in LIBs. Wang 
and colleagues reported the creation of novel ball-cactus type micro
sphere consisting of carbon-coated NiP2/Ni3Sn4 with deeply embedded 
CNTs (Ni-Sn-P@C-CNT) (Fig. 36c) [335]. This material was synthesized 
by carbonization of Ni-Sn-MOF template in a mixed C2H2/Ar atmo
sphere (5 %/95 %) followed by a phosphorization. The presence of 
Ni–Sn catalyzed the CNTs formation, and when the gas medium was 
replaced with Ar, a Ni-Sn@C NC without CNTs was achieved. The syn
ergistic effects among the numerous components contributed to the 
enhanced Li-storage activity of this item. It revealed a specific capacity 
of 704 mAh g− 1 at 100 mA g− 1 after 200 cycles, and a comparable ca
pacity of 504 mAh g− 1 at 1 A g− 1 was still maintained after 800 cycles 
(Fig. 36d). Furthermore, a novel material consisting of Bi NPs anchored 
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Fig. 35. (a) Pictorial demonstration of preparation mechanism hollow prisms covered with CoS2 nanobubble, (b) SEM analysis, (c) TEM analysis and (d) cycle 
stability study. Adopted with permission from Ref. [331], Copyright 2016, Wiley VCH, Janus. (e) Cu-MOF structure along the c-axis; (f) Pictorial demonstration of 
CuxS/C composite formation. Adopted with permission from Ref. [332], Copyright 2018, Wiley VCH, Janus. (g) Schematics of preparation process and (h) cycle 
stability of ZnSe/CoSe/N-C composite. Adopted with permission from Ref. [330], Copyright 2018, Royal Society of Chemistry. 

Fig. 36. (a) Formation of SnO2/Co@C NC, and (b) cycle stability. Adopted with permission from Ref. [334], Copyright 2017, Wiley VCH, Janus. (c) Pictorial 
demonstration of Ni-Sn-P@C-CNT and (d) cycle stability. Adopted with permission from Ref. [335], Copyright 2017, Wiley VCH, Janus. 
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in NDC was synthesized from a ZIF-8 template through heat treatment in 
H2/Ar medium at 600 ◦C followed by a replacement reaction between 
Bi3+ and Zn (Bi3+ + Zn → Zn2+ + Bi) [338]. During the discharge/ 
charge activity, the NDC matrix enhanced the electrical conductivity 
and alleviated the mechanical strain of Bi NPs upon Li insertion/ 
extraction, thanks to the larger void space. This resulted in an excellent 
cycle life, and rate capacity observed in the as-prepared sample. 

6.2. Sodium ion batteries 

Despite the significant impact of LIBs on the energy storage market, 
they confront several challenges, including safety concerns, low power 
density, and a limited supply of lithium in the Earth’s crust. As an 
appealing alternative, SIBs have gained traction owing to the sodium 
abundance, its cost-effectiveness, and the low electrochemical potential 
(− 2.71 V vs SHE) [339]. Nevertheless, the molar mass and larger ionic 
radius of sodium ions pose a challenge. Many electrode materials 
appropriate for LIBs no longer meet the SIBs requirements in the aspect 
of energy density, cycle/rate performance. Consequently, there is an 
urgent need to identify suitable anode materials for SIBs. While various 
materials, including MOs [340], PB [7], and small organic molecules 
[341], have served as cathode for SIBs, discovering favorable anode with 
superior cycle/rate performance, greater capacity, and extreme energy 
density remains a significant challenge. Fortunately, the emergence of 
MOF-derived NMs specifies a promising avenue for the SIB anodes 
advancement with outstanding energy storage performance. 

6.2.1. Metal oxides derived from MOF 
Given the exceptional electrochemical performance of MOs derived 

from MOF as an anode for LIBs, significant research efforts assigned to 
exploring their Na-storage potentials, as summarized in Table 7. Pan and 
collaborators adopted a straightforward method concerning the syn
thesis of Ti-MIL-125 precursor, followed by annealing to produce a cake- 
type TiO2 material [347]. This material demonstrated remarkable rate 
performance and maintained good cycle performance after 2500 cycles. 
The mesoporous Co-doped TiO2 nano disk was derived from the Ti-MIL- 
125@Co precursor to enhance the electrical conductivity of TiO2. This 
modification resulted in enhanced Na-storage capability compared to 
pristine TiO2 [344]. The same research group utilized a different 
approach to derive hollow CuO/Cu2O octahedron from Cu-MOF, which 
was estimated as an anode for SIBs [343]. The findings emphasized the 
critical role of calcination temperature in determining the Na-storage 
capability of the CuO/Cu2O NCs. The elevated CuO/Cu2O-300 exhibi
ted remarkable retention in capacity, exceptional rate performance and 
extended cycle life. 

Beyond the MOs derived from MOF discussed previously, Prussian 
blue analogues (PBAs), which are part of the MOF family, have proven to 
be valuable templates for crafting MOs with exceptional Na-storage 
capability. As an illustration, Lu and their team effectively produced 
CoFe2O4 NCs utilizing a CoFe-PBA template [342]. The resulting ma
terial demonstrated a noteworthy capacity of 394 mAh g− 1 at 50 mA 
g− 1, accompanied by an impressive retention in capacity (91.4 %). The 

capacity remained substantial even when subjected to high current 
density of 2.5 A g− 1, reaching 152.6 mAh g− 1 over 500 cycles. 
Furthermore, hollow MnFe2O4 micro boxes were derived by utilizing 
MnFe-PBA template [346]. When assessed as an anode for SIBs, the 
MnFe2O4 showed exceptional cycle performance and rate capacity. 

6.2.2. Porous carbon derived from MOF 
Just as with LIBs, porous carbon (PC) materials derived from MOFs 

emerge as an ideal class of anodes for SIBs (Table 8) [356]. Ji and their 
research team employed MOF-5 as a template to craft porous cube- 
shaped carbon. When applied as an anode, this resultant carbon show
cased exceptional Na-storage capability, achieving a capacity of 240 
mAh g− 1 at 100 mA g− 1 of current density after 100 cycles. Impressively, 
it sustained a capacity of 100 mAh g− 1 at 3.2 A g− 1 of current density 
after 5000 cycles [353]. Moreover, Al-MOFs served as templates for 
fabricating accordion-like NPC with superb capacity, rate performance, 
and cycle durability [352]. Nonetheless, it’s worth noting that Na-ions 
have a larger diameter compared to Li-ions, presenting challenges in 
terms of efficient insertion. Consequently, the imperative lies in the 
development of PC materials with unique morphologies, like hollow 
configurations, ultrathin 2D structures, doping, and NFs, to amplify the 
performance of SIB anodes [116]. Hu and their research team achieved a 
significant milestone by creating ZIF-8 NBs using a tannic acid etching 
method. These hollow ZIF-8 nanobubbles underwent heat treatment at 
600 ◦C in N2 environment for 5 h, followed by an extensive HCl etching 
to yield hollow carbon NBs [357]. The hollow carbon NBs had an 
average size of approximately 60 nm with a shell thickness of 10 nm. 
Thanks to their surface area of 700 m2 g− 1 and porous structure con
taining micropores with diameters less than 2 nm, as well as mesopores 
with diameters of 6 nm and 40 nm, these carbon NBs demonstrated 
exceptional Na-storage performance. They exhibited remarkable cycle 
performance at 10 A g− 1 after 1000 cycles, along with excellent rate 
capacity. Furthermore, Mn-MOF was prepared using a microemulsion- 
assisted approach, serving as a precursor to produce 3D hollow PC mi
crospheres [350]. As the anode material, this material displayed an 
excellent rate capacity and good specific capacity. 

Furthermore, along with the hollow structure, utilizing MOFs as 
templates to create heteroatom-doped carbon has proven to be an effi
cient approach in enhancing Na-storage capability. Zou and their 
research team synthesized a hollow S, N doped PC materials (S/N@C) 
with shell-type morphology by a process that involved MOF gel 
carbonization at various temperatures followed by acid etching 
(Fig. 37a) [358]. The carbon resultant exhibited several advantageous 
characteristics, comprising thin walls with 0.375 nm interplanar 
spacing, a high surface area, mesopores distribution, and a hollow 
porous interconnected carbon shell. Consequently, when utilized as an 
anode for SIBs, this carbon demonstrated a discharge capacity of 448 
mAh g− 1 at 100 mA g− 1. In another noteworthy instance, a novel and 
effective Cu-MOF was employed as a template to produce highly NDC 
[249]. Initially, the MOF was stabilized at 200 ◦C and subsequently 
treated with a mixed H2O2/HCl precursor to eliminate any remaining Cu 
NPs. Lastly, it was transformed into highly NDC (HNC) at temperatures 

Table 7 
Metal oxides derived from MOF for SIBs.  

MOF derived metal oxides MOF 
templates 

Initial discharge/charge capacity 
(mAh g− 1) 

Current density (A 
g− 1) 

Cycle 
number 

Capacity after cycles (mAh 
g− 1) 

Ref. 

Porous CoFe2O4 NCs PB 573/394 2.5 500 152.6 [342] 
Hollow octahedral porous CuO/ 

Cu2O-300 
Cu-MOF − /− 1.0/2.0 400/600 212/165 [343] 

Mesoporous Co2+-TiO2 Nanodisks- 
32 

Ti-MIL- 
125@Co 

498/232 0.5 500 140 [344] 

SnO2 nanospheres Sn-MOF − /− – 100 970 [345] 
MgFe2O4 hollow microboxes PBA 406/207 0.05 150 135 [346] 
Porous cake-type TiO2 Ti-MIL-125 − /− 1.0 2500 173 [347] 
Co3O4/ZnO hybrids Co-Zn-ZIF − /− 2.0 1000 242 [348]  
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ranging from 600 to 900 ◦C in an inert environment (Fig. 37b). The 
optimized product (i.e., HNC-800) exhibited exceptional rate perfor
mance and cycle stability shown in Fig. 37c, d. The presence of nitrogen 
atoms (N-6, N-5, N-Q, N–O) portrayed a pivotal function in Na-storage. 
Specifically, the reversibility of sodiations followed this order: N-6 < N- 
5 < N-Q <N-O, with the neighboring carbon of N-6 acting as active sites. 
The N-6/N-Q ratio had a significant impact on capacity and rate per
formance (Fig. 37e). 

Similarly, the research team chose another Zn-MOF as a precursor to 
derive N-rich PC nanosheets (NSs) (Fig. 38a) [349]. This carbon material 
displayed an extended lifespan after 1000 cycles with a 76.9 % retention 
in capacity revealed in Fig. 38b. In addition to the approaches stated 
earlier, electro spun carbon nanofibers (CNFs), or hollow CNFs derived 
from MOF often possess a porous structure, high surface area and good 
electrical conductivity making them promising anode for SIBs. 

Goodenough and their team showed the preparation of hollow N-doped 
CNFs (HPCNFs-N) through the in-situ growth of Zn-Co-ZIF over the PAN 
polymer [359]. The carbonization was accomplished at 700 ◦C in an 
inert environment with a ramping of 2 ◦C min− 1 for 20 h, followed by 
acid etching (Fig. 38c). It’s noteworthy that expanding the zinc acetate 
amount led to the transformation of ZIF derived materials from NFs to 
hollow tubes. The resulting hollow tubes contained a significant carbon 
amount with an interplanar spacing of 0.38–0.44 nm, which facilitated 
rapid Na-ion intercalation. Thanks to these unique structural charac
teristics, the final hollow tubes demonstrated outstanding Na-storage 
activity, including a high capacity of 346 mAh g− 1 and outstanding 
cycle life after 10,000 cycles with negligible capacity decay when used 
as an anode for SIBs (Fig. 38d-f). 

In recent advancements, our research team has made substantial 
progress in the field of MOF-derived heteroatom-doped PC as an anode 

Table 8 
Porous carbon derived from MOF for SIBs.  

MOF derived porous 
carbon 

MOF templates Initial discharge/charge capacity 
(mAh g− 1) 

Current density (A 
g− 1) 

Number of 
cycles 

Capacity after cycles (mAh 
g− 1) 

Ref. 

N-rich PC NSs-1 2D hexamine-type 
MOF 

425/318 5.0  1000 170 [349] 

3D hollow PC-800 Mn-MOF − /− 0.1  100 313.8 [350] 
HNC-800 HMT-based MOFs 441/254 2/5/10  500 145/123/95 [249] 
S-doped meso PC MOF-5, S powders 1491.5/296.5 0.2  500 173.7 [351] 
Accordion-like NPC Al-MOF 912/307 0.1  200 210 [352] 
Cube-shaped PC MOF-5 1822.8/626 3.2  5000 100 [353] 
Amorphous carbon 

nitride 
ZIF-8 640/430 1.67  2000 175 [354] 

N-doped PC ZIF-67 576/231 0.5  500 182 [355]  

Fig. 37. (a) Preparation of S, N doped thin carbon. Adopted with permission from Ref. [358], Copyright 2018, Wiley VCH, Janus. (b) Pictorial demonstration of Cu- 
MOF derived NDC material, (c) rate performance achieved at various annealing temperatures, (d) Cycle stability at various current densities of HNC-800, (e) Reaction 
models of various N configurations with Na ions. Adopted with permission from Ref. [249], Copyright 2018, Wiley VCH, Janus. 
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for SIBs, showcasing impressive energy storage capacity. One note
worthy accomplishment involved the fabrication of NDC foils (NC-1) 
derived from Mn-MOF via a two-way methodology. This strategy 
included the controlled preparation of 2D Mn-MOF and subsequent heat 
treatment of prepared Mn-MOF in the presence of NH3 environment. 
Following this, an acid etching activity was applied to produce NDC foils 
with a multiscale pore structure, encompassing micro-, meso-, and 
macropores, and an abundance of N moieties (Fig. 39a) [258]. TEM 
analysis highlighted the ultrathin thickness of the initially synthesized 
2D Mn-MOF precursor. After the pyrolysis process, substantial amounts 
of Na2CO3 components and MnO NPs were evenly distributed on the 
surface or within the layers, which were subsequently eradicated to 
achieve NDC foils (Fig. 39b-d). This novel structural benefit established 
a continual electron-conductive platform and summarized the transport 
of ions pathway, ultimately equipping the elevated NC-1 sample with 
remarkable capacity and cycle performance. Furthermore, it achieved a 
high capacity of 150 mAh g− 1 at 10 A g− 1 of current density (Fig. 39e, f), 
surpassing the performance of bulk MOF-derived NDC and many re
ported results. 

6.2.3. Metal chalcogenides derived from MOF 
SIBs, resembling LIBs in their electrochemical Na-storage and release 

mechanisms, hold significant promise as an energy storage device. 
Consequently, the pursuit of innovative anode materials with excep
tional Na-storage capability for SIBs remains critically important. MOF- 
derived MO, encompassing selenides, sulfides, and phosphides, when 
combined with PC composites, not only retains the benefits of porous 
nature and high surface area but also bolsters structural stability and 
conductivity. This underscores their increasing relevance in the realm of 
SIBs (Table 9). 

Much like in the case of LIBs, applying post-treatments to MOF- 
derived NCs, like sulfurization, selenization, and phosphorization, can 
significantly boost their Na-storage capabilities. Metal chalcogenides 
were created by carbonizing MOF templates followed by sulfurization/ 
selenization processes, and these materials have been employed as an 
anode in SIBs. This is due to the fact that S, Se, and O belong to the same 

chemical group, implying that their compounds of metals share com
parable physicochemical characteristics. For example, Mai and col
leagues effortlessly produced PC confined CoS NPs (7-CoS/C) through 
in-situ carbonization followed by sulfidation of Co-MOF template at 
600 ◦C for 2 h (Fig. 40a) [365]. Thanks to the synergistic effects arising 
from chemical and structural interactions among porous NRs and CoS 
NPs, the 7-CoS/C NCs exhibited outstanding Na-storage activity, 
including extended cycle life, a high capacity of 542 mAh g− 1 at 1 A g− 1, 
and exceptional rate capacities (Fig. 40b, c). Further, metal sulfides like 
NiS2 [360], WS2 [375], and MnS [362], were synthesized using a similar 
approach outlined earlier, involving the utilization of MOF templates. 
To enhance electrical conductivity and facilitate rapid kinetic reactions, 
graphene has been incorporated. For instance, Huo, Lu, and other re
searchers presented a MIL-88 derived composite. This composite 
comprised FeS2, N, S co-doped PC (NSC), and reduced graphene oxide 
(rGO) (FeS2@NSC/G). Remarkably, it maintained a capacity of 203.5 
mAh g− 1 at 10 A g− 1 even after 400 cycles, as illustrated in Fig. 40d-i 
[385]. The primary capacity contribution originated from the redox 
mechanism of FeS2, in addition to the EDLC and surface pseudo capac
itance of the NSC and rGO. Likewise, additional composite material 
derived from GO and ZIF-67, featuring rGO and hollow carbon-confined 
Co9S8 QDs ((Co9S8 QD@HCP) @rGO), was described as shown in 
Fig. 40j [378]. This NC exhibited 92.6 % retention in capacity at 300 
mA g− 1 after 500 cycles as shown in Fig. 40k. In addition to oxides, and 
sulfides, selenides of metals have also been synthesized from MOF 
templates and utilized as an anode for SIBs. Hu and their research team 
employed Cu-MOF, Fe-MOF, and Ni-MOF as templates to fabricate 
Cu2Se@C octahedra, NiSe@C microspheres, and Fe7Se8@C NRs, 
respectively, by in-situ carbonization followed by selenization activity 
[328]. These composites exhibited remarkable cycle stability during 
cycling at high current density and supported outstanding rate 
performance. 

6.2.4. Metal phosphides derived from MOF 
MOF derived metal phosphides from have been extensively exam

ined as promising anodes in SIBs, showcasing impressive energy storage 

Fig. 38. (a) Pictorial demonstration of N-doped PC NSs and (b) Cycle stability. Adopted with permission from Ref. [349], Copyright 2018, Wiley VCH, Janus. (c) 
Preparation and (d-f) cycle life of a series of 1D nanocarbons from N-doped CNFs to CHTs. Adopted with permission from Ref. [359], Copyright 2017, Elsevier B.V. 

N. Kitchamsetti and J.S. Cho                                                                                                                                                                                                                 



Journal of Energy Storage 84 (2024) 110947

38

phenomena. For example, Kang and their colleagues presented a CoP/C 
NC synthesized from Co-MOF and red phosphorus (P) templates [259]. 
The use of numerous additional sequences resulted in the formation of 
two distinct NCs: CoP-O (indicating direct heat treatment) and CoP-T 
(indicating two-way heat treatment) (Fig. 41a). The CoP-O material 
retained a remarkable capacity of 598 mAh g− 1 at 0.1 A g− 1 after 200 
cycles due to the presence of a conversion type mechanism instead of 
alloying type mechanism. It still delivered a substantial capacity of 386 
mAh g− 1 after 900 cycles even when cycled at a higher rate of 1.0 A g− 1 

as illustrated in Fig. 41b, c. This exceptional activity was attributed to 
the existence of the highly conductive nature of NDC NSs and a P–C 
chemical interface. Yin and colleagues introduced an innovative 
approach by anchoring graphene oxide (GO) on PDDA-modified Ni- 
foam, followed by the growth of ZIF-67 on the substrate. This process led 

to the formation of a yolk-shell CoP@C-RGO-NF NC shown in Fig. 41d 
[374]. The resulting composite exhibited exceptional cycle/rate per
formance when utilized as a binder-free anode in SIBs. In addition to the 
previously mentioned studies, composites derived from MOF with 
various post-modifications were developed and applied as an anode for 
SIBs. For instance, researchers created a core-shelled Co9S8/MoS2-CN 
composite by introducing ammonium molybdate in ZIF-67 derived Co/ 
NDC [361]. This material displayed remarkable cycle stability and rate 
performance when utilized in SIBs. Furthermore, a blend comprising 
porous carbon derived from Co-MOF grown on carbon cloth (CC) and 
Na2MoO4.2H2O was subjected to hydrothermal conditions to produce 
free-standing CC@CN@MoS2 nano-wall arrays and directly employed as 
an anode for SIBs [371]. The high surface area, novel array architecture, 
and the introduction of nitrogen-induced defects collectively endowed 

Fig. 39. (a) Pictorial demonstration of PC foils preparation, (b-c) TEM analysis of NDC foils, (d) STEM and the equivalent EDS elemental mapping analysis of C, and 
N elements of PC foil, (e) rate performance and (f) cycle stability of PC foils. Adopted with permission from Ref. [258], Copyright 2018, Wiley VCH, Janus. 
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this composite with an outstanding Na-storage capacity of 265 mAh g− 1 

at 1.0 A g− 1 of current density after 1000 cycles. 

6.3. Potassium ion batteries 

Energy storage plays a pivotal role in advancing PIBs as long-lasting 
devices. To fulfill this essential requirement, numerous approaches have 
been proposed for crafting electrode materials, with a particular focus 
on anodes. Among the most promising approaches, derivation of 
carbonaceous materials and metal compounds from MOF templates 
stands out. This method is highly favored because it enables the reten
tion of the MOFs’ inherent hierarchical architectures, and uniform 
porosity. Achieving these characteristics through MOF template-based 
preparation is quite challenging to replicate using other techniques. 
Pristine MOFs act as sacrificial precursors, undergoing heat treatment in 
the presence of air or inert environment. The resulting structures inherit 
enhanced stability, rendering them well-suited for energy storage ap
plications [386]. While MOF precursors exhibit commendable perfor
mance, their limited conductivity and structural stability during 
prolonged cycling have restricted their utility as electrodes for PIBs. 
Consequently, scientists have shifted their focus to MOF derived mate
rials and utilized them as anodes for PIBs. A diverse range of carbona
ceous materials has been synthesized through the MOF precursors 
carbonization thereby subsequent acid etching to vaporize metal 

constituents. These carbonaceous products offer doping with N, P, S, F, 
and O along with the distinctive structural attributes. These dopants 
enable the successful intercalation/deintercalation of K-ions. Likewise, 
metal compounds and metal compounds/carbon composites derived via 
thermal treatment of MOF precursors, demonstrate outstanding K-ion 
storage due to their porous nature and ordered structures contribute to 
advanced K-storage via an alloying/conversion reaction compared to 
conventional metal compounds or physically blended composites of 
metal compounds and carbon. Furthermore, MOF derived materials 
exhibit fascinating thermal stability, enabling the operation of PIBs at 
elevated temperatures. To offer a comprehensive understanding, this 
section subdivided into porous carbon/metal alloys/metal chalcogen
ides/metal phosphides derived from MOF as anodes for PIBs. It delves 
into the K-ion storage depending on the interplay between structure, 
properties, and performance. 

6.3.1. Porous carbon derived from MOF 
Although the intercalation/deintercalation of K-ions into the GC 

structures has been investigated, their K-ion storage has been somewhat 
unsatisfactory. As shown in the previous portion, the anode made of 
graphite did achieve a 273 mAh g− 1 reversible capacity close to its 
theoretical limit at the rate of C/40, resulting in the KC8 formation. 
However, the unstable structure and initial capacity degradation 
observed during extended cycles did not undergo the needs of energy 

Table 9 
Metal chalcogenides derived from MOF for SIBs.  

MOF derived chalcogenides MOF templates Initial discharge/charge 
capacity (mAh g− 1) 

Current density 
(A g− 1) 

Number of 
cycles 

Capacity after cycles 
(mAh g− 1) 

Ref. 

TiO2/C NC-700 MIL-125 (Ti) − /− 5.0  10,000 120 [251] 
VOx/PCs-2 V-MOF − /− 0.5/1.0  2000 152/123 [248] 
NiS2/NC Ni-BTC-MOF, thiourea 759.2/559.1 0.5  300 356.2 [360] 
Cu2Se@C Cu-BTC MOF, Se powder − /− 1.0  200 207 [328] 
NiSe@C, Ni-BTC MOF, Se powder 3.0  2000 160 
Fe7Se8@C Fe-BDC MOF, Se powder 3.0  550 219 
H-FeSe2/GC MIL-88, Se powder 642/511 0.2  100 587 [285] 
yolk–shelled Co9S8/MoS2-CN ZIF-67, (NH4)2MoS4, S 

powder 
840/604 2  250 421 [361] 

CoP/CNS-O Co-BTC MOF, red P − /− 1.0  900 386 [259] 
Carbon coated MnS Mn-BTC MOF − /− 1.0  5000 148.3 [362] 
Co2P@N-C@rGO ZIF-67, NaH2PO2, GO − /− 1.0  1000 100 [363] 
Porous shuttle like 

V2O3/C 
MIL-88B-V 630/404 2.0  1000 133 [364] 

7-CoS/C NRs Co-BTC MOF, sublimed S − /− 1.0/5.0  2000 542/504 [365] 
Fe7S8@C-G MIL-88Fe, S power, GO 714/426 0.5  150 449 [366] 
3DG/FeS@C PB, GO, S powders − /− 1.0  300 358 [367] 
FTO ⊂ CNTs Core-shell Fe-MOF@TiO2 956.0/543.6 2.0  3500 210.5 [368] 
N-doped Yolk-Shell-Structured 

CoSe/C 
ZIF-67, Se powder − /− 0.5  50 531.6 [369] 

Co/(NiCo)Se2 box-in-box hollow 
NCs 

ZIF-67, Se powder 661/574 0.2  80 497 [370] 

CC@CN@MoS2 Co-MOF, CC, 
Na2MoO4⋅2H2O 

1288/659 1.0  1000 265 [371] 

Hollow Ni3S2/Co9S8/NDC Ni-Co-MOF, thiourea 554/425 1.0  300 300 [372] 
Ni-doped Co/CoO/NC Ni-Co-ZIF-67 − /− 0.5  100 218.7 [373] 
CoP@C-rGO-NF ZIF-67, NF, NaH2PO2, GO 2455.6/1163.5 0.1  100 473.1 [374] 
WS2@NC PB, ammonium 

tetrathiotungstate 
− /401 5.0  500 78 [375] 

ZnS-Sb2S3@C Core-Double Shell 
Polyhedron 

ZIF-8, TAA, Sb2+ 1675/1029 0.1  120 630 [376] 

P@N-MPC ZIF-8, red P 1312/710 1.0  1000 450 [377] 
NDC Zn-Co-ZIF, PAN, 735/346 4.5  10,000 140 [359] 
Co9S8 (QD@HCP)@rGO sponge- 

like composites 
ZIF-67, GO, S powder 679/604 0.3  500 628 [378] 

Carbon-coated rutile TiO2 Ti-MOF 324.7/136.4 3.36  2000 70 [379] 
G-NC@TiO2 MIL-125(Ti), GO − /− 1.0  5000 – [380] 
CuO/Cu2O-GPC Cu-BTC MOF 780/− 0.05  170 302.9 [381] 
Co3O4@NC ZIF-67 813/516 1.0  1000 175 [382] 
N-doped hollow MoS2/C 

nanospheres 
Mo-MOF 972/600 2.0  5000 128 [383] 

Fe3O4QD@C-GN MIL-88-Fe-NH2, GO 1081/971 2/5/10  1000 343/234/149 [384] 
Hollow NiO/Ni/Graphene Ni-BTC MOF 992/483 1.0  200 248 [257]  
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Fig. 40. (a) Pictorial demonstration of Na-storage mechanism of 7-CoS/C composite, (b) cycle stability and (c) rate performance. Adopted with permission from 
Ref. [365], Copyright 2017, Elsevier B.V. (d) Preparation of FeS2@NSC/G NC, (e-h) TEM analysis, and (i) cycle stability. Adopted with permission from Ref. [385], 
Copyright 2018, American Chemical Society. (j) Schematics of (Co9S8 QD@HCP)@rGO NC formation, (k) cycle performance. Adopted with permission from 
Ref. [378], Copyright 2017, Wiley VCH, Janus. 

Fig. 41. (a) Pictorial demonstration of CoP-O and CoP-T NCs formation, (b) cycle stability and (c) rate performance. Adopted with permission from Ref. [259], 
Copyright 2017, Springer Nature. (d) Schematics of CoP@C-RGO-NF composite formation. Adopted with permission from Ref. [374], Copyright 2017, Elsevier B.V. 
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storage in the case of present PIBs [387]. Numerous carbonaceous 
products like CNTs, hard/soft carbon, rGO, and CNFs, have been 
explored as probable anodes for PIBs. Unfortunately, these materials 
have exhibited inadequate K-storage with reversible capacity falling 
below 300 mAh g− 1, and often showing insignificant retention in ca
pacity over 150 cycles [388,389]. This type of performance results due 
to several factors, including greater K-ion size than Li-ion, the inherently 
lower theoretical capacity of carbon products in PIBs, and the greater 
demand for interlayer distance during intercalation of K-ion, which 
leads to structural breakdown and, consequently, poor cycle capacity. 
To address these challenges, researchers have turned to the surface 
dominated activity (i.e., pseudocapacitive effect) that promotes the K- 
ions absorption over the surface of carbon products. This effect increases 

the rate of K-ion transport during the repeated GCD analysis. It has been 
noticed that the effect of pseudocapacitive nature can be increased by 
introducing doping of N into the carbon products, specifically pyridinic 
N, which contains a lone pair of electrons and donates electrons to the 
conjugated π bond. Pyridinic N successfully adsorbs K-ions, leading to 
increased rate performance, cycle life, and reversible capacity. Howev
er, controlling the amount of pyridinic N in conventional carbonaceous 
materials has proven challenging. Therefore, researchers have proposed 
an efficient preparation strategy, namely MOF precursor derivation, to 
boost the pyridinic N amount which may further increase the carbon 
products performance in PIBs [389]. 

The expanding MOFs family boasts meticulously structured con
structions with impressive surface areas ranging from 1000 to 10,000 

Fig. 42. Pictorial demonstration of (a) NCNTs formation, (b) rate capability. Adopted with permission from Ref. [391], Copyright 2017, Wiley VCH, Janus. (c) N- 
doped CNT@PC. Adopted with permission from Ref. [392], Copyright 2019, Elsevier B.V. (d) HCONs. Adopted with permission from Ref. [393], Copyright 2019, 
Royal Society of Chemistry. (e) Cellular N–C. Adopted with permission from Ref. [394], Copyright 2020, Elsevier B.V. and (f) NPCFs. Adopted with permission from 
Ref. [395], Copyright 2020, Wiley VCH, Janus. 
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cm2 g− 1, along with exceptional porosity. These characteristics provide 
ample opportunities to tailor their structural properties for specific ap
plications during the synthesis process. A paramount approach in uti
lizing MOFs is the creation of nano porous carbon (NPC) materials 
through controlled temperature thermal treatments, using MOFs as 
sacrificial templates or precursors. This method offers several advan
tages, including: 

• Suitability for large-scale synthesis: NPC materials could be effi
ciently prepared on a bulk range.  

• Simplicity and cost-effectiveness: Pristine MOFs can be synthesized 
under straightforward and cost-effective conditions.  

• Enhanced interlayer spacing: The resulting NPC materials exhibit 
expanded interplanar distance, which is advantageous to achieve 
high capacity.  

• In-situ doping of heteroatom: NPC structure readily accommodates 
in situ heteroatom doping during a heat treatment process.  

• Doping of single or multiatom: Single or dual elemental doping, 
involving elements such as N, P, F, O, and S, would be attained easily 
through a heat treatment process. This type of doping enhances 
diffusion kinetics and further enlarges the interlayer spacing. 

These attributes make the application of MOFs as sacrificial tem
plates for NPC materials highly advantageous for various applications. 

In a study conducted by Zhang and colleagues, they explored the 
process of pyrolyzing ZIF-67 polyhedra followed by etching with acid, to 
create three-dimensional networks of graphitic carbon (GC). The pri
mary objective was to enhance the connectivity and conductivity among 
carbon particles and potassium ions (K-ions) [390]. In their research, the 
authors investigated size-supported thermolysis, wherein the ZIF-67 
polyhedrons size was decreased from a macro to a nano scale. This 
reduction in size led to the instinctive 3D carbon networks formation 
with highly graphitized structures, complemented by the catalytic effect 
of Co NPs. The resulting graphitic networks exhibited electrochemical 
performance equivalent to that of conventional carbonaceous anode 
materials, achieving a specific capacity of 190 mAh g− 1 with an 
impressive retention in capacity of 75 % after 500 cycles at 50 mA g− 1. 
Moreover, these graphitic networks demonstrated excellent cycle per
formance in comparison to standard carbonaceous anodes. Another 
team investigated the use of ZIF-67 derived N-doped CNTs (NCNTs) as 
depicted in Fig. 42a as anodes in PIBs and achieved favorable rate 
capability [391]. These NCNTs possessed a distinctive edge-open layer- 
arrangement structure, facilitating the rapid K-ions intercalation. This 
structural feature contributed to better rate capacity, as evidenced by 
the high retention in capacity of 102 mAh g− 1 over 500 cycles at 2 A g− 1 

illustrated in Fig. 42b. As previously discussed, a high pyridine N 
amount enhances the performance of carbon anodes. To leverage this, Li 
and colleagues synthesized high pyridine N-doped PC derived from ZIF- 
67 polyhedra [389]. Enhanced pyridine N content in N-doped PC, along 
with a minor variation in interlayer spacing, provided bonus adsorption 
positions for K-ions during the insertion/extraction activity. Conse
quently, this material achieved a great reversible capacity of 587.6 mAh 
g− 1 at 50 mA g− 1, outstanding rate performance of 186.2 mAh g− 1 at 2 A 
g− 1, and impressive cycle performance of 231.6 mAh g− 1 at 500 mA g− 1 

after 2000 cycles. Additionally, Fe-ZIF-8 derived Fe-induced CNT/NDC 
(FNC) material was investigated as an anode for PIBs [396]. The 
incorporation of CNTs enhanced the contact area and conductivity, 
resulting in high reversible capacity of 268 mAh g− 1 at 0.1 A g− 1 after 
200 cycles. Furthermore, it exhibited an exceptionally long cycle sta
bility, retaining a capacity of 169 mAh g− 1 at 1.0 A g− 1 after 5000 cycles, 
along with an outstanding rate capacity. This impressive performance 
was accredited to the unique amorphous carbon structure. In a different 
research endeavor, an abundant ZIF-8 was vertically cultivated on the 
3D Cu substrate using a binary-solvent technique. Afterwards, this array 
underwent heat treatment to yield a graphene-type N-doped PC array on 
the 3D Cu substrate, denoted as NPC/Cu [397]. During the heat 

treatment activity, the Zn component vaporized, resulting in the for
mation of NPC/Cu. This material was utilized as a binder-free and self- 
standing anode for PIBs at numerous electrolytes. Remarkably, it 
showed outstanding electrochemical activity, including high reversible 
capacity of 315 mAh g− 1 at 50 mA g− 1 after 500 cycles, greater rate 
capacity of 120 mAh g− 1 at a charge-discharge rate of 21 C, and 
comparatively stable capacity of 129 mAh g− 1 at 2 A g− 1 after 20,000 
cycles. These impressive results were achieved using a 5 M concentrated 
ether electrolyte containing KFSI in DME. 

Indeed, it is worth noting that materials derived from MOFs and 
doped with N tend to exhibit increased defect density, thereby 
enhancing electronic conductivity and enabling exceptionally long 
cycling stability. For instance, MOF-derived 3D interconnected N-doped 
PC [398], N-doped CNT-coated PC [392], and N abundant hollow car
bon onion assembled NSs (HCONs) [393] have all demonstrated 
impressive capacity retention and unprecedented cycling stability in 
PIBs. Specifically, these materials achieved a remarkable cycle perfor
mance of 157 mAh g− 1 after 12,000 cycles at 2.0 A g− 1, 141 mAh g− 1 

after 1000 cycles at 1.0 A g− 1, and 132 mAh g− 1 after 5000 cycles at 2.0 
A g− 1, respectively. Fig. 42c shows the process of preparing an activated 
PC (APC) cathode and a CNT@PC anode for hybrid SCs. Additionally, 
the figure illustrates the adsorption-intercalation process involved in the 
K-ion storage within PIBs. Likewise, in Fig. 42c and Fig. 42d, we can 
observe the pictorial representation of the preparation approach for N- 
HPC [398] and HCONs [393]. Additionally, various NDC materials were 
examined as an anode for PIBs, each showcasing remarkable cycle 
performance:  

1. A NDC with a honeycomb construction known as cellular N–C 
(Fig. 42e) [394].  

2. N-doped PC framework (NPCF) with a high N amount of 13.57 %, 
primarily consisting of pyrrolic N/pyridinic N (Fig. 42f) [395].  

3. 3D N-doped micro-PC polyhedra (NMCP) encased by 2D rGO, 
denoted as NMCP@rGO [399]. 

These materials, derived from MOFs, delivered remarkable cycling 
stability in PIBs:  

• Cellular N–C exhibited a capacity of 143 mAh g− 1 at 1 A g− 1 over 
2000 cycles.  

• NPCF achieved a capacity of 258.9 mAh g− 1 after 2000 cycles at 1 A 
g− 1.  

• NMCP demonstrated a capacity of 151.4 mAh g− 1 after 6000 cycles 
at 5.0 A g− 1. 

The cyclic voltammetry (CV) analysis of NPCFs revealed an initial 
large peak at 0.6 V during the cathodic inspection. Interestingly, in 
subsequent scans, this peak disappeared, and the CV curves overlapped. 
This behavior strongly suggested the SEI formation and demonstrated 
the reversibility of K-ion intercalation and deintercalation into and from 
NPCFs. These materials displayed exceptional morphological charac
teristics, including a high surface area, well-distributed micro/meso/ 
macropores, pyrrolic/pyridinic N doping, and extended interlayer dis
tances. Collectively, these features greatly facilitated the K-ion diffusion 
kinetics, ultimately enhancing the capacity of these electrodes to hold a 
higher quantity of K-ions. Liu and colleagues introduced a novel 
approach for synthesizing NPC using a double-solvent diffusion-heat 
treatment technique. They utilized UIO-66-NH2 adsorbed with NH4Cl as 
the template [400]. When employed as an anode for PIBs, the resulting 
NPC exhibited an impressive reversible capacity of 346 mAh g− 1 at 100 
mA g− 1 and maintained a capacity of 187 mAh g− 1 after 800 cycles. 
However, quantitative kinetic studies revealed that this anode exhibited 
activities akin to traditional graphite anodes, with potassiation/depot
assiation mechanisms taking place primarily on the PC surface rather 
than within the interlayer distance. This led to a less favorable cycle 
performance. Moreover, significant studies have been directed towards 
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the optimization of MOF architecture and calcination temperature to 
synthesize exceptional carbonaceous materials. Notable examples 
include the highly porous NDC NR-assembled superstructure (NCS) 
(Fig. 43a) [401], porous carbon derived from Mn-MOF (MDPC) 
(Fig. 43b) [402], amorphous carbon within a GC matrix (AC@GC) 
(Fig. 43c) [403], and Cu-MOF derived C500 [407]. These studies shed 
light on the potential of structural engineering to increase the carbon- 

based anodes performance for PIBs. 
A variety of innovative NPC materials have been designed, show

casing impressive performance in PIBs. These materials include the N/O 
dual-doped hard PC (NOHPHC) (Fig. 43d) [404], Meso-PC octahedrons 
(MCOs) [408], N/S co-doped carbon microboxes (NSC) [409], O/F dual- 
doped PC nanopolyhedra (OFPCN) (Fig. 43e) [405], P/N co-doped 
porous CNFs (PN-HPCNFs) [410], B/O/N co-doped hollow PC spheres 

Fig. 43. (a) Pictorial demonstration of CNS formation and equivalent TEM analysis. Adopted with permission from Ref. [401], Copyright 2021, Wiley VCH, Janus. 
Pictorial demonstration of formation for the (b) MDPC [402], Copyright 2019, Royal Society of Chemistry. (c) AC@GC. Adopted with permission from Ref. [403], 
Copyright 2017, Wiley VCH, Janus. (d) NOHPHC. Adopted with permission from Ref. [404], Copyright 2019, Wiley VCH, Janus. (e) OFPCN. Adopted with 
permission from Ref. [405], Copyright 2021, American Chemical Society. and (f) S-MPC. Adopted with permission from Ref. [406], Copyright 2020, Wiley 
VCH, Janus. 
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(HPCS) [411], O/S co-doped PC (S-MPC) (Fig. 43f) [406]. These 
remarkable carbon anodes are derived from the carbonization-etching of 
MOF templates and have demonstrated long cycle performance with 
excellent retention in capacity for PIBs. The outstanding activity of these 
carbon anodes for PIBs can be largely attributed to their expanded 
interlayer spacing resulting from dual-elemental doping, along with 
their high surface areas and distinctive morphological structures. It’s 
worth noting that all the carbonaceous anodes derived from MOFs 
mentioned above exhibited exceptional cycling stability in PIBs, as 
summarized in Table 10. 

Carbon materials derived from MOFs have emerged as highly 
attractive anode materials for PIBs. These materials largely fulfill the 
criteria for commercial electrode materials, including attributes such as 
non-toxicity, abundance, durability, and extreme cycle performance. 
They demonstrate commendable performance, offering moderate ca
pacities varying from 200 to 400 mAh g− 1. They also exhibit low 
migration barriers and favorable intercalation potential for the diffusion 
of K-ions. This suggests a favorable potential for widespread practical 
applications, particularly after optimization. However, there are still 
significant challenges to overcome, such as relatively minimal volu
metric densities and initial coulombic efficiencies, which currently stand 
at less than 60 %. Addressing these disparities is crucial, and it neces
sitates further improvement efforts. The use of theoretical calculations 
and the application of acquired knowledge can serve as a foundation for 
optimization and problem-solving. Consequently, we anticipate the 
development of various carbon-based anodes derived from MOFs that 
not only enhance the overall energy density of batteries but also have 
the potential for scalability. These advancements signify a bright future 
in the energy storage sector. 

6.3.2. Metal alloys derived from MOF 
Alloying-type materials have garnered significant attention as 

emerging anodes in rechargeable batteries due to their high capacity, 
appropriate electrochemical potential, and safety features that 
contribute to attractive overall performance. Extensive research has 
focused on elements from Group 10 to 15, thanks to their abundant 
availability, eco-friendly nature, and cost-effectiveness. All these ele
ments can be employed in various forms, such as metals in crystalline, 
amorphous, or thin-film configurations, and have the inherent capa
bility to formulize alloys during the alloying/dealloying processes. An
odes derived from alloying materials, synthesized using conventional 
methods, typically exhibit tremendous electrochemical activity, 

featuring high coulombic efficiency and great reversible capacities. But 
their application as viable anodes for PIBs are hindered by limitations 
such as minimal cycle performance and significant capacity loss [412]. 
Notably, MOFs containing Bi and Sb metal centers have pointed prom
ising potential in the context of PIBs. This is primarily due to its 
appealing theoretical capacities, namely 385 mAh g− 1 for Bi and 660 
mAh g− 1 for Sb. Further, the incorporation of Bi into PC materials 
through the MOF templates calcination has been explored for PIBs as an 
anode. Sun and colleagues introduced a solvothermal followed by car
bothermic reduction method to prepare Bi confined within a 3D NDC 
nanocages (Bi@N-CNCs) framework. This innovative approach utilized 
a flower typed Bi-MOF compiled with porous 2D NSs as a template 
(Fig. 44a-e) [413]. When evaluated as an anode, the produced Bi@N- 
CNCs displayed a substantial reversible capacity of 224 mAh g− 1 and 
impressive cycle life (1200 cycles), as depicted in Fig. 44f, g. In-situ TEM 
studies revealed the enhanced structural stability achieved through 
thoughtful void construction. The remarkable electrochemical K-storage 
activities of Bi@N-CNCs were assigned to the synergistic contributions 
of the 3D conductive N-CNCs network and the nanosized effects of Bi 
NPs. To gain a deeper investigation of the electrochemical K-storage 
activities of Bi@N-CNCs, the researchers also operated SAED and XRD 
investigations. Additionally, carbon deposited double-shell Bi hollow 
boxes (C@DSBC) were synthesized using a cation exchange method 
involving amorphous double-shell ZnS boxes, initially synthesized from 
the ZIF-8 precursors sulfidation. This process, carried out at room tem
perature, replaced zinc cations with Bi cations through successive heat 
treatment [414]. When assessed as a PIB anode material, the C@DSBC 
composite demonstrated reversible capacity of 351 mAh g− 1 with a 
coulombic efficiency of 52 %. It stated a retention in capacity over 200 
mAh g− 1, corresponding to a capacity decay of only 0.13 % per cycle, 
indicating excellent durability and establishing it as a favorable anode 
for PIBs. 

Similarly, anode materials incorporating Bi have demonstrated 
remarkable performance. Ultrathin carbon film@carbon NRs@Bi NPs 
composite, referred to as UCF@CNs@BiN, were prepared through the 
Bi-MOFs heat treatment, as depicted in Fig. 45a [415]. The potassiation/ 
depotassiation behavior of the material was compared to that of tradi
tional Bi nanoparticle electrodes. The stable rod structure of the 
UCF@CNs@BiN electrode remained intact over numerous cycles, in 
contrast to traditional Bi NPs that experienced a repeated SEI film for
mation, resulting in immediate capacity decay and low coulombic effi
ciency. The UCF@CNs@BiN presented exceptional reversible capacity, 

Table 10 
Porous carbon derived from MOF for PIBs.  

Carbon derived from MOF MOF template Voltage (V vs. K/K+) Current density (A g− 1) Capacity (mAh g− 1) Cycle number Ref. 

NCNTs ZIF-67 0.01–3.0  2  102  500 [391] 
FNC Fe-ZIF-8 0.01–2.5  1  169  5000 [396] 
CNT@PC ZIF-67 0.001–3.0  1  171  1000 [392] 
3D carbon networks ZIF-67 0.001–3.0  0.05  ~202.5  500 [390] 
N-HPC 3DOM-ZIF-8@PS 0.01–3.0  2  157  12,000 [398] 
Cellular N-C CoAl-LDH@ZIF-67 0.01–3.0  1  143  2000 [394] 
NPC UIO-66-NH2 with NH4Cl 0.01–3.0  0.1  187  800 [400] 
NPC/Cu ZIF-8/Cu 0.01–3.0  2  129  20,000 [397] 
NMCP@rGO ZIF-8@GO 0.01–3.0  5  151.4  6000 [399] 
NPC ZIF-67 0.1–3.0  0.5  231.6  2000 [389] 
HPCS Ni-MOF 0.01–2.0  1  190  1000 [411] 
C500 Cu-MOF 0.01–3.0  5  210  500 [407] 
NCS NH2-MIL-101(Al) 0.0–3.0  1  166  100 [401] 
NOHPHC NH2-MIL-101(Al) 0.001–3.0  1.05  ~130  1100 [404] 
S-MPC MIL-88 A 0.01–3.0  1  206.3  700 [406] 
NSC S-ZIF-67 0.01–3.0  0.5  180.5  1000 [409] 
AC@G Zn-MOF@Co-MOF 0.01–3.0  1  192  5200 [403] 
OFPCN UiO-66(Zr) 0.01–3.0  1  218  2000 [405] 
PN-HPCNFs ZIF-8 0.01–3.0  2.0  226  10,000 [410] 
MCOs Cu-BTC 0.01–3.0  2  80  3000 [408] 
MDPC Mn(BDC)(H2O)2 0.01–3.0  0.2  150.2  1000 [402] 
NPCF MET-6 0.01–3.0  1  258.9  2000 [395] 
HCONs Co-HMT 0.01–2.8  2  132  5000 [393]  
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delivering 425 mAh g− 1 at 100 mA g− 1, with a minimal capacity decay 
of 0.038 % per cycle over 600 cycles and 0.036 % per cycle during 700 
cycles at 1 A g− 1 of current density (Fig. 45b, c). In a separate study, 
Cheng et al. [416] informed Sb NPs (approximately 19 nm) inserted 
within a PC network derived from Sb-MOF, denoted as Sb-NPs@PC 
(Fig. 45d). These nano-sized Sb NPs underwent alloying/dealloying 
processes, with the PC serving as a buffer against volume expansion, 
mechanical strain, and nanoparticle agglomeration. The Sb-NPs@PC 
anode material achieved high discharge/charge capacities of 750 
mAh g− 1/551 mAh g− 1 at 50 mA g− 1 of current density, while main
taining a remarkable retention in capacity of 94.6 % after 100 cycles 
(Fig. 45e, f). 

Another innovative approach involved the use of MOF-based elec
trospinning combined with ion-exchange followed by annealing to 
create yolk-shell Sb@C NBs surrounded within CNFs (Sb@CNFs), as 
depicted in Fig. 46a [417]. This design capitalizes on rational structural 
engineering, resulting in Sb@CNFs with spacious voids and elastic car
bon shells. These features effectively mitigate the substantial volume 
changes experienced during cycling, ensuring a capacity of 227 mAh g− 1 

at a 1 A g− 1 of current density after 1000 cycles (Fig. 46b). In this 
investigation, the researchers conducted in-situ TEM observations of 
Sb@CNFs during the alloying/dealloying activity, as presented in 
Fig. 46c-f. These observations revealed substantial volume expansion 
and contraction of inner Sb NPs, while the void space adeptly accom
modated the whole volume variation. The flexible carbon shell holds the 
structural integrity throughout these transformations. The hypothetical 
structural changes in this anode during charge/discharge processes 

unveiled a sequence in which K+ ions first insert into the carbon matrix 
before penetrating the Sb@C nanoboxes. Over time, the Sb NPs gradu
ally expanded, filling the internal void space within the carbon shell. 

Lastly, Yan and colleagues explored the impact of metalation with Zn 
on the performance of nano porous carbon during the potassiation/ 
depotassiation process for PIBs [418]. Through calcination of ZIF-8 
template at 600 ◦C in N2 temperature, they achieved a highly 
dispersed configuration of Zn NPs confined within a nano PC network, 
referred to as ZNP/C. When employed as an anode in PIBs, ZNP/C dis
played a high capacity of 200 mAh g− 1 over 100 cycles at 0.1 A g− 1 and 
maintained a stable capacity of 145 mAh g− 1 over 300 cycles at 0.5 A 
g− 1. Table 11 provides a summary of K-storage performance of alloying- 
type metal anodes derived from MOF. 

6.3.3. Metal chalcogenides derived from MOF 
To propel the advancement of PIB technology, there is an immediate 

need for electrode materials that exhibit efficient performance and 
excellent electrochemical activity. In previous sections, numerous 
electrode materials based on both pristine MOFs and MOF-derived nano 
PC materials were explained for efficient K-ion storage. Moreover, there 
have been reports on MOF-derived composites as an electrode, espe
cially those composed of metal selenides distributed within a nano 
porous carbon framework. This involves a single-step thermal conver
sion process in which a MOF precursor is heated with selenium powder 
under inert atmospheric conditions. This process results in the formation 
of metal selenides distributed within PC, where the metal amount of the 
MOF blends with Se to create metal selenide, while the organic linker 

Fig. 44. (a) Pictorial demonstration of Bi@N-CNCs preparation and (b-e) the equivalent FESEM, TEM studies, and restructured 3D tomograms, respectively. Adopted 
with permission from Ref. [413], Copyright 2021, Wiley VCH, Janus. (f) Rate behaviors of three Bi@N-CNCs anodes, and (g) cycle stability of 850-Bi@N-CNCs at 5 A 
g− 1 after activation for 20 cycles at 1 A g− 1. Adopted with permission from Ref. [413], Copyright 2021, Wiley VCH, Janus. 
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transformed into nano porous carbon. In most cases, ZIF-67 and ZIF-8 
serve as the templates for producing metal selenides. One advantage 
of this approach is that the in situ created PCs can mitigate the signifi
cant volume alterations associated with metal selenides and enhance 
their electronic conductivity. 

Ma et al. conducted a MOF template preparation to create Co0.85Se 
NPs dispersed within NDC (Co0.85Se@NC), employing ZIF-67 as a 
sacrificial template (Fig. 47a). When evaluated as an anode for PIBs, this 
composite exhibit enhanced electron conductivity due to the presence of 
NDC. It also effectively mitigated volume fluctuations and prevented the 
Co0.85Se agglomeration during cycling [419]. Additionally, the meso
porous composite structure diminished the diffusion length for K-ions 
and improved electrolyte-electrode interaction, resulting in a capacity of 

114.7 mAh g− 1 at 1 A g− 1 over 250 cycles (Fig. 47b). Furthermore, 
Co0.85Se QDs/carbon polyhedra (Co0.85Se-QDs/C) (Fig. 47c) [420], S- 
doped Co0.85Se1-xSx NPs encapsulated within double carbon shells 
(CoSeS@C/G) (Fig. 48a), and Co0.85Se@carbon NBs confined in CNFs 
(Co0.85Se@CNFs) [423] were prepared utilizing ZIF-67 as a template 
and assessed for its working for PIBs. The FESEM and TEM analysis 
revealed an identical ZIF-67 polyhedral structure and small divergent 
lamellas on the Co0.85Se-QDs/C composite surface (Fig. 47d-m). SAED 
images and elemental analysis through EDS scanning proved the poly
crystalline nature and even allocation of C, Co, and Se in the Co0.85Se- 
QDs/C composite. The ductile and multidimensional C matrix helped 
the Co0.85Se-QDs/C expansion, reducing the stress caused by K-ion 
intercalation and preventing the active material accumulation. As a 

Fig. 45. (a) Pictorial demonstration of UCF@CNs@BiN composites formation, (b) cycle stability at the 1000 mA g− 1 of current density, (c) cycle stability at the 100 
mA g− 1 of current density. Adopted with permission from Ref. [415], Copyright 2019, American Chemical Society. (d) Scheme illustrating the preparation procedure 
of Sb-NPs@PC material, (e) galvanostatic charge/discharge curves for the first 5 cycles, and (f) cycle stability at 100 mA g− 1 of current density. Adopted with 
permission from Ref. [416], Copyright 2019, Royal Society of Chemistry. 
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result, this composite exhibited remarkable K-storage behavior, deliv
ering a capacity of 402 mAh g− 1 at 50 mA g− 1 over 100 cycles, thanks to 
its structural integrity and enhanced conductivity. 

Furthermore, the CoSeS@C/G and Co0.85Se@CNFs (Fig. 48a) anodes 
retained a reversible capacity of 208.1 mAh g− 1 at 0.2 A g− 1 after 100 
cycles and 299 mAh g− 1 at 1 A g− 1 after 400 cycles. Similarly, ZnSe 

NP@NHC [424], ZnSe@NDPC [425], ZnSe/C (Fig. 48b) [422], and 
ZnSe-FeSe2/rGO [426] were obtained from the ZIF-8 as a sacrificial 
template and evaluated as anode for PIBs. The ZnSe NP@NHC com
posite, when used as an anode, displayed a capacity of approximately 
132.9 mAh g− 1 over 1200 cycles at 0.1 A g− 1. This impressive perfor
mance was attributed to the well-decorated ZnSe NPs on the hollow 

Fig. 46. (a) Pictorial demonstration of Sb@CNFs preparation, (b) cycle stability of Sb@CNFs at a 1000 mA g− 1 over 1000 cycles, (c) Pictorial demonstration of the 
in-situ TEM device, (d) Pictorial demonstration of the potassiation/de potassiation processes of Sb@CNFs, Sb NPs confined in the carbon shell. Time lapse TEM 
images of the single Sb@CNFs during the (e) first potassiation and (f) first depotassiation. The size of Sb@C nanoboxes in (e) and (f) is measured and indicated by 
white arrow and light blue arrow represents the transportation direction of K+ during the potassiation/depotassiation activities. Adopted with permission from 
Ref. [417], Copyright 2020, Wiley VCH, Janus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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carbon polyhedra, which provided numerous active sites and mitigated 
volume expansion, thereby enhancing charge-transfer kinetics. Addi
tionally, the N doping enhanced the interfacial adsorption among car
bon and active species. The ZnSe@NDPC anode done well with a 
capacity of 262.8 mAh g− 1 at 100 mA g− 1 after 200 cycles. This per
formance was due to the stress-buffering effect, which allowed the 
anode to deliver a stable and high reversible capacity. The ZnSe/C 
electrode achieved a reversible capacity of 318 mAh g− 1 at 50 mA g− 1 

with exceptional cyclability, retaining 189 mAh g− 1 after 1000 cycles at 
500 mA g− 1. This remarkable performance was accredited to the 
favorable synergistic effect and the distinctive design of the nanocages. 
Structural alterations of ZnSe/C nanocages during the potassiation/ 
depotassiation activity are effectively clarified in Fig. 48c, where the 
ZnSe NPs can be envisioned buffering the large volume alterations and 
preventing the electrode fracture due to their stress-buffering effect. 

In pursuit of achieving a higher potassium storage capacity, Yang 
and their research team introduced a novel composite material 
composed of Bi2Se3@C with a rod type construction. This composite was 
synthesized utilizing an in-situ selenization protocol with a Bi-MOF 
template [427]. The resulting anode material for PIBs exhibited 
remarkable behavior, with an excellent capacity of 305 mAh g− 1 at 0.1 
A g− 1 even after 400 cycles of use. The K-storage process, elucidated 
depends on CV tests conducted with ester/ether electrolytes, involves 
conversion and alloying reactions. The first CV displayed two reduction 
curves at 0.64 V and 0.04 V. The first peak corresponds to the conversion 
reaction among Bi2Se3 and K-ion, leading to the Bi and K2Se phases 

formation. The successive reduction peak at 0.04 V signifies the alloying 
mechanism. In the anodic test, an oxidation peak observed at 0.65 V is 
corresponding to the dealloying mechanism of K3Bi phase. Additionally, 
an oxidation peak ranging from 1.21 to 2.50 V is assigned to the 
reconversion reaction. Subsequent scans showed great reversibility in 
the cathodic/anodic peaks, revealing that K-ions exhibited highly 
reversible behavior within the Bi2Se3@C anodes. 

(1) Bi2Se3 + 6 K+ + 6e− 1 → 2Bi + 3K2Se. 
(2) Bi +3 K+ + 3e− 1 → K3Bi. 
(3) K3Bi → Bi +3 K+ + 3e− 1. 
(4) 2Bi + 3K2Se → Bi2Se3 + 6 K+ + 6e− 1. 
Ultrafine iron selenide (Fe3Se4) NPs incorporated into 1D carbon 

fibers (Fe3Se4@CFs) were successfully produced through the heat 
treatment of Fe-BTC/PAN precursor. This innovative material was 
explored as an anode in PIBs and revealed an outstanding retention in 
capacity, retaining 161 mAh g− 1 even after 300 cycles at 1 A g− 1 [428]. 
Additionally, Wang and their team developed Mn-Fe-Se/CNTs derived 
from PBA for utilization as an anode for PIBs [429]. The as-prepared Mn- 
Fe-Se/CNTs demonstrated a discharge capacity of 141 mAh g− 1 at a 
current density of 50 mA g− 1 after 70 cycles. Further, Table 12 reveals 
the comprehensive comparison of the energy storage performance of 
MOF-derived metal selenide-based anodes for PIBs. 

While LIB technology has gained immense popularity owing to its 
lightweight nature, high energy density, and exceptional cycle stability, 
there is growing concern about the limited availability of lithium re
sources in the future. As a promising alternative, PIBs have emerged; 

Table 11 
Metal alloys derived from MOF for PIBs.  

Alloys derived from MOF MOF template Voltage (V vs. K/K+) Current density (A g− 1) Capacity (mAh g− 1) Cycle number Ref. 

UCF@CNs@BiN Bi-BTC 0.01–3.0  0.1  ~327  600 [415] 
ZNP/C ZIF-8 0.01–3.0  0.5  145  300 [418] 
Bi@N-CNCs Bi-MOF 0.1–1.5  5  224  1200 [413] 
Sb-NPs@PC Sb-TPA 0.01–2.6  0.1  497  100 [416] 
C@DSBC ZIF-8 0.0–1.5  0.4  ~220  200 [414] 
Sb@CNFs ZIF-8@PAN 0.01–2.0  1  227  1000 [417]  

Fig. 47. (a) Pictorial demonstration of Co0.85Se@NC formation, (b) cycle stability of Co0.85Se@NC-650 at 1000 mA g− 1. Adopted with permission from Ref. [419], 
Copyright 2018, Elsevier B.V. (c) Pictorial demonstration of Co0.85Se-QDs/C composite formation, and (d-m) SEM, TEM, HRTEM, and SAED pattern analysis of 
Co0.85Se-QDs/C-20. Adopted with permission from Ref. [420], Copyright 2019, Springer Nature. 
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however, this technology faces challenges due to the less favorable 
potassiation/depotassiation processes caused by the large ionic radius of 
K-ions than Li-ions. Conventional metal sulfides were initially studied 
for K-ion storage, but the outcomes proved to be disappointing, exhib
iting lower capacities and shorter cycle lifespans. Drawing inspiration 
from the excellent energy storage performance of MOF-derived metal 
sulfides as anodes for LIBs, scientists have now turned their attention to 

investigating their suitability as anode in PIBs [432]. 
Xie et al. introduced a unique attempt involving the preparation of 

MOF derived FeS2@RGO as an electrode for PIBs (Fig. 49a). This anode 
material demonstrated impressive behavior with a capacity of 264 mAh 
g− 1 after 50 cycles at 50 mA g− 1 and a sustained capacity of 123 mAh 
g− 1 after 420 cycles, even when subjected to a high current density of 
500 mA g− 1. These exceptional results were accredited to the synergistic 

Fig. 48. (a) Pictorial demonstration of CoSeS@C/G composite preparation. Adopted with permission from Ref. [421], Copyright 2020, Wiley VCH, Janus. (b) 
Pictorial demonstration of ZnSe CS/C preparation. Adopted with permission from Ref. [422], Copyright 2020, Royal Society of Chemistry. (c) Pictorial demonstration 
of morphology evolution of the potassiation/depotassiation mechanism in open nanocage ZnSe-type anodes. Adopted with permission from Ref. [422], Copyright 
2020, Royal Society of Chemistry. 
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effects among the FeS2 and the RGO shells (Fig. 49b) [433]. Rui et al. 
[435] achieved uniform coating of ultrathin MoS2 NSs onto ZIF-67 
resultant carbon polyhedra (ZIF-67-C@MoS2) NCs. These materials 
served as efficient anodes for PIBs, delivering a high discharge capacity 
of 199.8 mAh g− 1 after 50 cycles at a 0.1 A g− 1 of current density, with a 
Coulombic efficiency close to 100 %. A tertiary hierarchical structure, 
comprising primary ZnS NRs, secondary carbon nanospheres, and ter
tiary carbon confined ZnS subunit nanospheres wrapped in RGO net
works (ZSC@C@RGO), was designed for efficient K-ion storage 
(Fig. 49c). This novel strategy delivered a stable diffusion pathway and 
improved conductivity for potassium ions and electrons, while also 
mitigating volume fluctuations and facilitating the stable SEI formation 
during cycling. These features resulted a reversible capacity of 330 mAh 
g− 1 after 100 cycles at 50 mA g− 1 and 208 mAh g− 1 at 500 mA g− 1 over 
300 cycles (Fig. 49d) [434]. 

To enhance potassium-ion performance, scholars have developed an 
anode for PIBs based on bimetallic sulfides, capitalizing on synergistic 
effects to improve their energy storage behavior. Han et al. [436] 
introduced the preparation of dodecahedral heterogeneous nanocages 
(DHNCs) consisting of Co9S8/N-C@MoS2. This electrode exhibited a 
reversible capacity of approximately 100 mAh g− 1 at 1 A g− 1 after 100 
cycles. This impressive performance was attributed to the synergistic 
effects of metal sulfides and the unique hollow polyhedra structure, 

combined with the conductive N-doped PC (Fig. 50a). Another innova
tive PIB anode material was developed using a 3D amorphous carbon 
condensed CoS/NCNTs framework sustained on CoS-coated CNFs 
(AC@CoS/NCNTs/CoS@CNFs). This advanced material exhibited a ca
pacity of 401 mAh g− 1 at 0.1 A g− 1 after 100 cycles, showcasing 
remarkable rate capacities. Even at a high current density of 3.2 A g− 1, it 
maintained a capacity of 130 mAh g− 1 after 600 cycles. These excep
tional results were made possible by the 3D-ordered anode design, 
which reduced the diffusion length of ions, improved electronic con
ductivity, and enhanced mechanical stability (Fig. 50b, c) [437]. Like
wise, anode materials for PIBs have been developed using MOF derived 
NCS@RGO [439] and Ni-Fe-S-CNT to enhance K-ion storage (Fig. 50d). 
NCS@RGO demonstrated a long cycle life, maintaining a reversible ca
pacity of 495 mAh g− 1 at 200 mA g− 1 over 1900 cycles, surpassing the 
performance of most previously reported MOF-derived metal sulfides. 
Additionally, the researchers conducted an extensive study on the 
composition of the SEI layer and the roughness of electrodes after 50 
cycles employing various electrolytes. In contrast, the Ni-Fe-S-CNT NCs 
exhibited poor rate capacity than NCS@RGO, maintaining a charge 
capacity of 181 mAh g− 1 after 50 cycles at 0.1 A g− 1 (Fig. 50e) [438]. 
Qin et al. described the preparation of Co3O4@C@MoS2 anode for K-ion 
storage. This anode material offered a large surface area for electrode/ 
electrolyte contact, sufficient interstitial space to accommodate volume 

Table 12 
Metal selenides derived from MOF for PIBs.  

MOF-derived metal selenide MOF templates Voltage (V vs. K/K+) Current density (A g− 1) Capacity (mAh g− 1) Cycle number Ref. 

CoSe2@NC/HMCS ZIF-67/HMCS 0.001–3.0  0.1  442  120 [430] 
ZnSe-FeSe2/RGO Fe-Zn-MOF-5 0.01–3.0  0.05  363  100 [426] 
ZnSe@NDPC ZIF-8 0.01–3.0  0.1  262.8  200 [425] 
Co0.85Se@CNFs ZIF-67@PAN 0.01–2.60  1  299  400 [423] 
CoSeS@C/G ZIF-67 0.01–3.0  0.2  208.1  100 [421] 
Co0.85Se@NC ZIF-67 0.01–3.0  1  114.7  250 [419] 
Fe3Se4@CFs Fe-BTC/PAN 0.01–2  1  161  300 [428] 
ZnSe@NDPC ZIF-8 0.01–3.0  0.1  262.8  200 [425] 
Mn-Fe-Se/CNTs Mn-Fe-PBA/CNTs 0.0–3.0  0.05  141  70 [429] 
ZnSe NP@NHC ZIF-8 0.3–2.9  0.1  132.9  1200 [424] 
ZnSe CS/C ZIF-8 0.01–2.5  0.5  189  1000 [422] 
Co-Se@CNNCP ZIF-8@ZIF-67 0.01–2.60  0.5  253  200 [431] 
Bi2Se3@C Bi-BTC 0.01–3.0  0.1  305  400 [427] 
Co0.85Se-QDs/C ZIF-67 0.01–2.5  0.05  402  100 [420] 
Zn-Co-Se@NCP ZIF-8@ZIF-67 0.01–2.60  0.5  42  200 [431]  

Fig. 49. (a) Pictorial demonstration of FeS2@RGO preparation, (b) cycle stability of FeS2@RGO-2 at 500 mA g− 1. Adopted with permission from Ref. [433], 
Copyright 2018, Royal Society of Chemistry. (c) Pictorial representation of synthesis route of ZSC@C@RGO composite, and (d) cycle stability of the ZSC@C@RGO 
composite at 500 mA g− 1 over 300 cycles. Adopted with permission from Ref. [434], Copyright 2019, American Chemical Society. 
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Fig. 50. (a) Pictorial demonstration of AC@CoS/NCNTs/CoS@CNFs formation, (b) cycle stability at the 0.1 A g− 1 of current density, (c) cycle stability at the 3.2 A 
g− 1 of current density. Adopted with permission from Ref. [437], Copyright 2019, Royal Society of Chemistry. (d) Pictorial demonstration of Ni-Fe-S-CNT formation, 
and (e) cycling performance of Ni-Fe-S-CNT, Fe–S, and Ni-Fe-S at 0.1 A g− 1. Adopted with permission from Ref. [438], Copyright 2020, Wiley VCH, Janus. 

Table 13 
Metal sulfides derived from MOF for PIBs.  

MOF derivatives MOF templates Voltage (V vs. K/K+) Current density (A g− 1) Capacity (mAh g− 1) Cycle number Ref. 

Fe1-xS/SC Fe-MOF 0.01–3.0  0.05  430  300 [441] 
Co9S8/NSC@MoS2@NSC ZIF-67 0.01–2.6  3  141  800 [442] 
NCS@RGO MOF-74 0.01–3.0  0.2  495  1900 [439] 
FeS2@RGO PB@GO 0.01–3.0  0.5  123  420 [433] 
2ZIF-67-C@MoS2 ZIF-67 0.01–3.0  0.1  199.8  50 [435] 
Fe7S8/C@d-MoS2 MIL-88B(Fe) 0.01–3.0  4  286  500 [443] 
Co3O4@C@MoS2 PBA@RF 0.001–3.0  0.05  ~365.2  100 [440] 
AC@CoS/NCNTs/CoS@CNFs ZIF-8/ZIF-67 0.01–3.0  3.2  130  600 [437] 
ZSC@C@RGO ZIF-8 0.0–2.5  0.5  208  300 [434] 
Ni-Fe-S-CNT Ni-Fe-PBA-CNT 0.0–3.0  0.1  181  50 [438] 
Co9S8/N-C@MoS2 ZIF-67 0.01–3.0  1  100  100 [436]  
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alterations throughout K-ion intercalation/deintercalation and exhibi
ted valuable synergistic effects. It showed a high capacity of 256 mAh 
g− 1 and retained a high capacity of 88.3 % at 500 mA g− 1 of current 
density after 500 cycles [440]. The performance of MOF-derived metal 
sulfide-based anodes for PIBs is summarized in Table 13 for ease of 
comparison. 

6.3.4. Metal phosphides derived from MOF 
The demand for highly efficient electrode materials in PIBs has 

surged, challenging the dominant position of LIBs. One of the primary 
issues faced by electrode materials in PIBs is the tendency to aggregate 

or undergo pulverization during cycling. This problem arises because 
the ionic radius of K+ is greater than that of Li+ and Na+, owing to 
undesirable volume variations. Nevertheless, the limited availability of 
Li-resources has further intensified the demand for alternatives. Metal 
phosphide-based anodes have recently gained considerable interest due 
to its high theoretical capacity, abundance in nature, and non-toxic 
properties [444]. Furthermore, as discussed in earlier sections of this 
review, the optimization of K-storage and enhancement of charge 
transfer kinetics in electrode materials heavily rely on nano structural 
engineering, such as the design of nano cubes, nanowires, core-shell 
structures, and so on. The methodology for preparing metal 

Fig. 51. (a) Pictorial demonstration of Ni-Fe-P/NC preparation mechanism, (b) cycle stability study at 500 mA g− 1, (c) cycle stability study at 1000 mA g− 1 of current 
density. Adopted with permission from Ref. [446], Copyright 2019, American Chemical Society. (d) Schematic of preparation process of AC@CoP/NCNTs/CNFs 
composite, (e) cycle stability study at 0.8 A g− 1 of current density over 1000 cycles. Adopted with permission from Ref. [447], Copyright 2019, Elsevier B.V. (f) 
Pictorial demonstration of NC@CoP/NC NCs, (g) rate capacities, and (h) cycle stability study of NC, CoP/NC, and NC@CoP/NC at 100 mA g− 1. Adopted with 
permission from Ref. [448], Copyright 2020, Wiley VCH, Janus. 
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phosphide-based anodes is similar to that used for metal selenide/ 
sulfide-based anodes. The key difference is that in the case of metal 
phosphide electrodes, carbonization during MOF template-mediated 
preparation is carried out in the existence of a phosphorus source. 

Yi et al. [445] developed an innovative flexible MoP@NPCNFs 
membrane. This free-standing PIB anode, prepared through an electro
spinning followed by carbonization and phosphorization, exhibited 
impressive performance. It revealed a high capacity of 320 mAh g− 1 at 
100 mA g− 1, excellent rate performance with 220 mAh g− 1 at 2 A g− 1, 
and excellent retention in capacity over 90 % even after 200 cycles. 
These outstanding results were accredited to the synergistic effects 
among the MoP NPs and 3D conductive matrix of N,P co-doped CNFs. 
Chen et al. synthesized double-shelled Ni-Fe-P/NDC NBs (referred to as 
Ni-Fe-P/NC) through epitaxial deposition followed by phosphorization 
(Fig. 51a) [446]. When used as an anode for PIBs, Ni-Fe-P/NC exhibited 
higher cycle stability, retaining a capacity of 172.9 mAh g− 1 after 1600 
cycles at 500 mA g− 1 and 115 mAh g− 1 after 2600 cycles at 1 A g− 1. This 
improved performance was credited to the unique core-shell architec
ture as shown in Fig. 51b, c. Miao et al. [447] introduced a 3D structural 
AC@CoP/NCNTs/CNFs material derived from ZIF-67/ZIF-8 template 
(Fig. 51d). The CoP NPs served as the core, while the amorphous carbon 
layer played as the shell. This design effectively mitigated the volume 
expansion of active materials during charge and discharge cycles, 
resulting in a reversible capacity of 247 mAh g− 1 after 1000 cycles at 0.8 
A g− 1, as demonstrated in Fig. 51e. A flexible porous anode material, 
composed of 3DG/FeP has been developed for PIBs [449]. This material 
features an interconnected porous conducting network, tight contact 
between graphene and FeP hollow nanospheres, and appropriately 
buffered nano-hollow spaces. These characteristics efficiently encourage 
the transport of charge and keep structural integrity, resulting in a high 
reversible capacity of 323 mAh g− 1 at 0.1 A g− 1 and exceptional cycle 
stability with a retention in capacity of 97.6 % at 2 A g− 1 after 2000 
cycles. Yi et al. [448] synthesized N-doped PC confined CoP polyhedron 
architectures (NC@CoP/NC) derived from ZIF-8@ZIF-67 precursors 
(Fig. 51f). These architectures were employed as an anode for PIBs and 
exhibited remarkable electrochemical behavior. The composite deliv
ered a reversible capacity of nearly 200 mAh g− 1 at 2000 mA g− 1 and 
maintained a retention in capacity of 93 % at 100 mA g− 1 after 100 
cycles (Fig. 51g, h). These excellent results can be attributed to the quick 
electron conductive pathways and promising mechanical robustness of 
the material. For a comprehensive comparison, the electrochemical 
performance of MOF-derived metal phosphide-based anodes in PIBs is 
summarized in Table 14. 

7. Conclusions and outlook 

In the realm of electrochemical energy storage systems, active elec
trode materials are pivotal, exerting a profound influence on the overall 
battery performance. This review has systematically outlined the ad
vantages and challenges associated with MOFs and how these challenges 
have been effectively addressed through the derivation of valuable 
MOF-derived products. These products encompass a wide range of ma
terials, including PC, metal/metal oxide, metal/metal oxide@C com
posites, metal chalcogenides, and phosphides. However, it’s crucial to 
recognize that the electrochemical performance of electrodes can be 
influenced by a multitude of factors beyond just the choice of active 

materials. One noteworthy factor is the composition of active electrode 
materials, which can be tailored to incorporate multiple metals, oxides, 
or chalcogenides [7,116]. Such compositional diversity offers opportu
nities for enhanced electrochemical performance. Furthermore, the 
structure and morphology of these materials are equally significant, as 
they dictate the presence of conductive pathways and the quality of the 
electrode/electrolyte interfaces [8,69]. Variations in nanostructure 
growth can significantly impact electrochemical activity [42]. Addi
tionally, components other than active materials can also play a pivotal 
role. For instance, current collectors can serve as substrates for the direct 
growth of active materials, reducing the need for multiple additives such 
as binders and conductive carbon, which can introduce resistance and 
affect overall performance [57]. 

Since the discovery of MOFs in the 1990s, they have garnered sig
nificant attention across various fields, including sensing, catalysis, en
ergy storage, and more. Over time, MOFs have undergone 
transformations into desired materials such as metal-based oxides, 
chalcogenides, phosphides, and carbon-based materials. In this 
comprehensive review, we have summarized recent advancements, de
velopments, structural formations, properties, applications, and future 
prospects of both MOFs and MOF-derived nanomaterials. For a multi
tude of applications, MOFs are highly sought after due to their ability to 
offer tailored surface area, controllable porosity, precise pore size, and 
composition customization as critical attributes. However, original 
MOFs have inherent limitations, notably their weak conductivity and 
structural stability, which restrict their use in electrochemical systems. 
MOF derivatives have emerged as promising materials to address these 
limitations and find applications in various electrochemical fields. These 
materials serve as effective templates, enabling precise control over 
morphology, functionalization, heteroatom doping, enhanced surface 
area, and structural modifications. Nonetheless, there are certain chal
lenges associated with MOFs that need to be addressed to facilitate their 
widespread commercialization, as depicted in Fig. 52.  

1. Certainly, to further enhance the electrochemical activities of 
MOF derivatives and address aggregation issues, coupling them 

Table 14 
Metal phosphides derived from MOF for PIBs.  

MOF derivatives MOF templates Voltage (V vs. K/K+) Current density (A g− 1) Capacity (mAh g− 1) Cycle number Ref. 

AC@CoP/NCNTs/CNFs ZIF-67/ZIF-8 0.01–3.0  0.8  247  1000 [447] 
Ni-Fe-P/NC FeFe@NiFe PBA 0.01–3.0  1  115  2600 [446] 
3DG/FeP 3DG/PB 0.01–3.0  2  ~124  2000 [449] 
MoP@NPCNFs ZIF-8@PAN/DMF 0.01–3.0  0.1  280  200 [445] 
NC@CoP/NC ZIF-67/ZIF-8 0.01–2.5  0.5  110  800 [122]  

Fig. 52. Challenges and perspectives of commercialization of MOF and their 
derivatives. 
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with 2D conductive materials like graphene, MXene, and rGO is a 
promising approach. These conductive materials can not only 
improve the overall electrical conductivity but also help mitigate 
aggregation, thereby maximizing the active surface area and 
enhancing electrochemical performance.  

2. Improving the structural stability of MOFs and their derived 
composites is crucial. This can involve investigating specific 
orientation techniques, utilizing conductive organic linkers, and 
optimizing the formation of in-situ heterostructures, including p- 
n heterojunctions. These strategies can enhance the robustness of 
MOF-based materials, making them more suitable for various 
applications.  

3. Furthermore, thorough research into the effects of heat treatment 
on the structure, composition, and morphology of MOF de
rivatives is essential. This should encompass a systematic exam
ination of parameters such as heating rate, duration, cooling rate, 
and gas atmosphere. Understanding these factors will enable 
precise control over the properties of MOF-derived materials.  

4. Incorporating modern in-situ techniques like high-energy XRD 
(HE-XRD), X-ray absorption fine structure (XAFS), and hard X-ray 
photoelectron spectroscopy (HAXPES) is highly recommended. 
These techniques can provide detailed insights into the synthesis 
and heat treatment parameters, allowing for a better under
standing of the local geometry, composition, and electrical 
properties of MOF-derived functional materials.  

5. For tracking the structural evolution of MOFs and MOF-derived 
composites during electrochemical methods, in-situ structural 
characterizations using methods like Raman spectroscopy and 
surface-enhanced Raman spectroscopy (SERS) are also strongly 
advised. These techniques can provide real-time information on 
structural changes, helping researchers optimize and tailor MOF- 
based materials for specific applications. 

6. To gain a comprehensive understanding of energy storage sys
tems, it’s essential to delve into the mechanisms and reaction 
processes involved. The inherent complexity of MOF materials 
can pose challenges in pinpointing and optimizing the actual 
active sites within these energy storage devices. To achieve peak 
performance in energy storage systems, it’s critical to identify key 
components of MOF derivatives, such as the redox-active centers, 
cycle stability, rate performance, and more. Therefore, in-situ 
measurements employing techniques like Raman spectroscopy, 
XRD, X-ray absorption spectroscopy (XAS), ambient-pressure 
XPS, and electrochemical mass spectrometry (MS), coupled 
with theoretical calculations, can be invaluable for unraveling 
the mechanisms underlying energy storage systems.  

7. Safety and environmental concerns should guide the design and 
synthesis of new MOFs. Some elements used in MOF fabrication 
can be toxic and carcinogenic, emphasizing the importance of 
exploring cleaner and safer synthesis routes.  

8. To ensure excellent material stability, electronic properties, and 
electrochemical performance, the structural design of MOF de
rivatives should be highly tailored. The high-temperature treat
ment involved in the conversion of MOFs into carbon-, oxides-, 
phosphides, and chalcogenides-based materials can potentially 
lead to the collapse of the original pore structure and the man
agement of new pore structures is challenging. Therefore, a 
comprehensive optimization of heat treatment parameters, 
including temperature and atmosphere, is essential.  

9. While there are over 20,000 MOFs known, only a small fraction, 
including ZIF-67, ZIF-8, and other ZIF-based MOFs, have been 
successfully transformed into useful products. Exploring the 
transformation of other MOFs into valuable products is highly 
recommended. This exploration can uncover diverse precursors, 
morphologies, properties, and potential applications, expanding 
the utility of MOFs in various fields.  

10. Functionalizing MOF derivatives remains relatively limited, but 
there is potential to enhance their electrochemical properties by 
encapsulating functional groups and multiple species within their 
frameworks. This approach can lead to synergistic effects, such as 
catalytic enhancements and improved electronic conductivity, 
which can significantly benefit their performance.  

11. The study of MOF-derived materials in practical energy storage 
applications is still in its early stages. It is essential to develop a 
comprehensive understanding of charge-storage mechanisms, 
particularly in materials that offer high capacity, high-rate 
capability, and long-term stability. This understanding can be 
achieved through the application of advanced techniques and 
methodologies.  

12. To create high-performance energy storage devices, it’s crucial to 
identify suitable MOF derivatives for both anodes and cathodes. 
Achieving a match between positive and negative electrodes, 
along with mass balancing, is a critical aspect that needs thor
ough investigation for the successful implementation of high- 
performance devices in real-world applications.  

13. Exploring state-of-the-art manufacturing techniques for flexible 
devices, which involve depositing nanomaterials derived from 
MOFs onto flexible and conductive substrates (such as carbon 
cloths, MXene films, fibers/textiles, etc.), should be a subject of 
investigation. 

14. There is a pressing need for the development of solid-state flex
ible and wearable micro-batteries based on MOF-derived com
posites. These batteries should exhibit controlled properties, 
ensuring safety, reliability, and intelligent electronic features. 
This area of research warrants further exploration.  

15. Additionally, machine learning techniques, including artificial 
intelligence, can be leveraged to investigate the phase formation 
of MOF-derived composites. These advanced computational 
methods can assist in predicting novel materials and deepening 
our understanding of their mechanisms for advanced 
applications. 

Overall, this comprehensive review has highlighted recent ad
vancements, developments, properties, and applications of MOFs and 
MOF-derived composites. The significant contributions of MOF-derived 
nanomaterials in the realm of energy storage have yielded promising 
results. Beginning with the inception of MOFs, their evolution into 
diverse metal MOFs and hybrid composites, and subsequent trans
formations into hierarchical nanomaterials, this review has provided a 
chronological overview of the progress in MOF electrode fabrication. 
Consequently, this critical review offers a profound insight into the 
current advancements, preparation methodologies, and potential ap
plications of MOF-derived composites in the context of metal ion 
batteries. 
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