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Fe-Based metal—organic frameworks as functional
materials for battery applications

Qingyun Yang,®® Yanjin Liu,>® Hong Ou,® Xueyi Li,° Xiaoming Lin, © *>® Akif Zeb (P
and Lei Hu @ *2

Metal-organic frameworks (MOFs), as a kind of organic—inorganic porous material with a high surface
area, high porosity and versatile functionalities, have attracted significant research interest in the field of
batteries in recent years. Among many MOF materials, Fe-based MOFs have many advantages, such as
low toxicity, low cost, diverse structure types and preferable stability, which have splendid potential in
practical applications. To further understand the contribution of Fe-based MOFs in battery application, we
mainly review the applications of pristine Fe-MOFs in lithium-ion batteries, sodium-ion batteries, potass-
ium-ion batteries, metal—air batteries and lithium—sulfur batteries in detail. Their electrochemical pro-
perties as cathodes, anodes and electrocatalysts are discussed and compared from the aspects of syn-
thesis methods, reaction conditions and additives, which is expected to provide beneficial information
and new perspectives for the application of Fe-MOFs as battery materials towards high electrochemical
performance. Finally, through careful reflection on the research progress, we summarize the existing pro-
blems of Fe-MOFs and provide an outlook.
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exhaustion of fossil energy and the deterioration of the
environment, it is necessary to develop environmentally
friendly and sustainable energy sources such as wind and
solar energy.”* However, the generation of these energy
sources is intermittent, and it is necessary to combine them
with energy storage devices that are stable, efficient, safe and
capable of delivering massive amounts of clean electricity.’
Therefore, the search for the next generation of energy-storage
devices with high power density and energy density is receiving
intensive attention from both fundamental research and
industry, resulting in a certain necessity to develop new
materials.

Metal-organic frameworks (MOFs) are a kind of organic-
inorganic porous material, which are formed by the coordination
between organic ligands and inorganic metal ions or clusters.
Due to high porosity, large specific surface area and redox
active metal vertices, MOFs have been widely used in the fields
of energy storage, gas storage, hydrocarbon storage, semi-
conductors, drug delivery and catalysis. In the fields of energy
storage, MOFs often serve as a kind of potential new electrode
material.>® Firstly, high porosity and large specific surface
area are beneficial for interfacial charge transport, which pro-
vides short diffusion paths for ions.'® Secondly, MOFs have
high thermal stability compared with pure organic materials,
and the separation of metal ions at atomic scale allows metal
ions to be utilized more efficiently. Thirdly, by selecting suit-
able metal centers and organic ligands, the structural pro-
perties of the MOFs can be tuned and the operating potential
can be adjusted to reduce the risk of an exothermic reaction
with the electrolyte, which is significant for high-power
batteries."

The key to battery research lies in electrode materials.
Transition metal compounds with many advantages (high
theoretical capacity, low cost, environmental friendliness, and
safety) have been widely favored by researchers. As a typical
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transition metal, iron-based materials have been proved to be
excellent electrode materials, mainly due to iron’s low price,
rich sources, accounting for 5.1% of the crust quality, ranking
fourth in the distribution of elements in the world, and high
theoretical capacity. More importantly, a typical feature of Fe-
MOFs is the Fe unsaturated metal centers (UMCs),"” the strong
Fe-O coordination bond between unsaturated metal centers
(Fe(m)) and O atoms in organic ligands owing to the high
energy density of Fe UMCs, which is consistent with Pearson’s
acid/base theory, leading to the favorable properties and
chemical versatility of Fe-MOFs, such as high safety, high
service life, support for rapid charging and a wide range of
operating temperatures.'®>* As early as 2007, a mixed-valence
Fe-MOF, namely [Fe"™(OH), sFo ,(0,CCeH,CO,)]-H,O (MIL-53
(Fe)-H,0), was for the first time directly used as a cathode
material for lithium-ion batteries, which is the first example of
reversible electrochemical lithium insertion in the Fe-MOF
system.>® Unfortunately, this material had a poor capacity of
about 70 mA h g~'. After that, other Fe-MOFs have been con-
tinuously developed and reported, such as MIL-68(Fe),>*
MIL-88B(Fe),>> MIL-101(Fe),>° etc., which showed promising per-
formance in battery applications. Compared with traditional
porous materials, Fe-MOFs perform better in a wide variety of
applications. For instance, the internal pore environment and
pore size were effectively controlled by the flexibility of Fe-MOFs,
which further promoted the access of guest molecules.

Hence, this article will present an up-to-date and detailed
review in regard to the applications of Fe-based metal-organic
frameworks in the field of electrochemical energy storage
(Fig. 1), such as lithium-ion batteries (LIBs), sodium-ion bat-
teries (SIBs), potassium-ion batteries (PIBs), metal-air bat-
teries (MABs) and lithium-sulfur batteries (LSBs). Finally,
through careful reflection on the research progress, we sum-
marize the existing problems of Fe-MOFs and provide an
outlook.
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Fig. 1 Fe-MOFs for battery applications.?” =42

2. Fe-Based MOFs for battery
applications
2.1. Lithium-ion batteries

A lithium-ion battery (LIB) is the key to the rapid upgrading of
portable electronic devices and the development of newly
emerging large-scale applications (electric vehicles and grid
storage) because of its high energy density, power density and
long cycling life.*> In order to further improve the energy
density and power density of LIBs, it is necessary to develop
new MOF materials with better performance, lower cost and a
simpler synthesis method.**** Table 1 summarizes the electro-
chemical performances of various Fe-based MOFs for LIBs.

Table 1 Fe-MOF based electrode materials for LIBs
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As early as 2007, Férey et al. proposed to use MOFs based
on early transition metals with lower occupation of the 3d-elec-
tron orbital and higher oxidation states.*® They synthesized
the MIL-53(Fe) series [FeOH(bdc)] (MIL = materials of
Institute Lavoisier, bdc = 1,4-benzenedicarboxylate), which
improved the stability of M-O bond, and achieved long-range
electron delocalization through the stabilization of mixed-
valence states related to a double exchange mechanism.
Unfortunately, MIL-53(Fe) didn’t show the expected electro-
chemical performance because the carboxylic group of the
terephthalate ligands were not activated, which was caused by
the thick solid electrolyte SEI layer and poor conductivity.*® It
is worth mentioning that the synthesis process of MIL-53(Fe)
requires HF, which limited its potential as a large scale grid
storage battery material. Later, Shin et al. prepared MIL-101
(Fe) as a candidate electrode in order to avoid using HF
(Fig. 2a).”° Nevertheless, the relaxation of Fe** to Fe’" led to
the irreversible accumulation of Li" in MIL-101(Fe), resulting
in the rapid decay of capacity.

In order to achieve sufficient specific capacity, the redox
activity of organic linkers must be achievable at high potential.
Ziebel et al. reported two iron-semiquinoid frameworks with
the formula of (H,NMe,),Fe,(Cl, dhbq); (Cl, dhbq"~ = depro-
tonated 2,5-dichloro-3,6-dihydroxybenzoquinone) that com-
bined metal- and ligand-centered redox activity to achieve con-
siderably high lithium storage capacity at high current density,
whose energy densities were up to 533 W h kg™'. The frame-
work based on 2,5-dihydroxybenzoquinone (H, dhbq) mani-
fested d-n conjugation that contributed to the charge hopping
between mixed-valent ligands centers.”” Recently, Li et al.
selected 1,1-dicarboxyferrocene (DFc) as the primary material
to coordinate with the Fe® cation to prepare nanosized
Fe,(DFc); with high redox potential.*” They found that the dis-
charge capacity could be attributed to the reduction of Fe**
and the contribution of conductive additives (Ketjenblack (KB)
and carbon nanotubes (CNTSs), 15 wt% each). The as-fabricated

Fe-MOF Electrode Vs. Li/Li* Initial DC/CC (mA h g™") RC/rate (C or mA g™) Cycle number Ref.
[Fe;0(BDC);(H,0),(NO; )], Anode 0.005-3.0 1507.4/949.9 744.5/60 400 6
MIL-53(Fe) Cathode 1.5-3.5 77/80 71/0.025 C 50 23
MIL-68(Fe) Cathode 1.5-3.5 —/— 30/0.1 C 3 24
MIL-88B(Fe) Anode 0.01-3.0 1275.4/585.5 680/200 500 25
MIL—lOl(Fe] Cathode 2.0-3.5 66.8/84.6 39.9/0.025 C 5 26
(H,NMe,),Fe,(Cl, dhbq), Cathode 1.8-4.2 167/— 147/40 50 27
CPO-27@250 Anode 0.1-3.0 —/490 456/1000 500 28
MIL-88A@PMoO;, Anode 0.01-3.0 1451.60/671.66 1062.1/200 100 29
Fez(DFc)3 Cathode 2.0-4.5 240/— 130/50 100 47
MIL-53(Fe)@RGO Anode 0.01-3.0 —/— 550/100 100 48
PCN-600 Anode 0-3.0 —/885 1580/100 140 53
PMo04(V,-ILs@MIL-100 Anode 0.01-3.0 1665.5/1114.9 1258.5/100 100 62
mFeP-NM Anode 0.01-3.0 —/314 458/200 160 63
MIL-116(Fe) Cathode 2.0-4.4 —/— 100/— 60 64
Ko.07Fe[Co(CN)g]o.80:7.5H,0 Cathode 2.2-4.5 136/— 150/100 40 65
Fe-BTC Anode 0.01-3.0 1765.5/683.2 1021.5/100 100 66
Fe-MOF Anode 0.01-3.0 —/600 825/250 100 67

DC: discharge capacity, CC: charge capacity, RC: reversible capacity.
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Fig. 2 (a) Structure of MIL-101(Fe).?® (b) EDS mapping of Fe,(DFc)s.%” (c) Long-cycle profiles under a current density of 2000 mA g~* of Fe,(DFc)s.

batteries manifested eximious electrochemical performance
with a high operation potential of 3.55 V (vs. Li'/Li), whose
capacity was also retained at 85% after 10000 cycles at
2000 mA g~ (Fig. 2b and c).

In addition to the above-mentioned cathode application of
Fe-MOF materials, Fe-MOFs can also be applied as an anode
material for LIBs. For instance, Shen et al. synthesized a kind
of iron based MOF polyhedral nanorod Fe-MIL-88B ([Fe;O
(BDC);3(H,0),(NO3)],,) structure.® The ex situ XRD patterns of
the Fe-MIL-88B electrode showed that all the diffraction peaks
appear in the initial charge/discharge and re-discharged elec-
trodes (Fig. 3a and b), indicating that the open framework
structures were well maintained during Li" ion insertion/dein-
sertion. The n-m interactions of conjugated carboxylates
reduced the dissolution of Fe-MIL-88B in organic electrolytes,
resulting in excellent cycling stability. Subsequently, to
improve the conductivity of the material and reduce the direct
contact between the material and electrolyte, the addition of
reduced graphene oxide (RGO) activated carboxylic groups,
thus led to the generation of MIL-53(Fe)@RGO, exhibiting
better electrochemical performance (Fig. 3d-g).**

Some MOFs can accommodate a large number of Li" ions,
but they suffer from side reactions during lithiation/delithia-
tion, low conductivity, and slow ion diffusion kinetics. MOFs
can generate metal oxides and carbon through thermal treat-
ment above 400 °C. Although the conductivity is improved, it
will destroy the immanent organic-inorganic hybrid
structure.”>' However, under suitable low temperature
annealing conditions, both the weight loss, structural damage
and energy consumption are less. Simultaneously, it can
remove the solvent molecules in MOF channels so as to reduce
the occurrence of side reactions, increase the diffusion coeffi-

830 | /norg. Chem. Front, 2022, 9, 827-844

cient of Li" ions, and further improve the lithium storage per-
formance.>> For instance, Zhou and co-workers designed
three-dimensional nanorod arrays as an efficient lithium
anode by combining the multi-component CPO-27 (MOF com-
pounds based on 2,5-dihydroxyterephthalic acid) composed of
iron, cobalt and nickel with low-temperature heating (Fig. 3h
and i).*® In this structure, the interaction between various
metal components boosts the electronic delocalization in
CPO-27, pursuantly increasing the electronic conductivity. The
design of a three-dimensional self-supporting array structure
considerably reduced the transport pathways of ions and elec-
trons. The results showed that when the thermal treatment
temperature was 250 °C, CPO-27@250 showed the best com-
prehensive performance, its amorphous state might promote
ion diffusion, and the surface contribution rate was the
highest. CPO-27@250 affords a high reversible capacity of
834 mA h g~ at 50 mA g™, and sustains 93% of the capacity
over 500 cycles at 1000 mA g~ .

Besides the materials of the polycarboxylic acid organic
ligand, many rigid organic ligands are also used for the syn-
thesis of iron-based organic framework materials. In 2018, the
iron porphyrin-based metal-organic framework (namely
PCN-600) was firstly used as anodic electrode for lithium-ion
batteries.”® The 3D mesoporous PCN-600 samples prepared on
the basis of [FesO0(O0OCCH;)OH],H,0 exhibited unpre-
cedented high capacity as MOF anode materials on account of
the synergistic effect of the Fe cluster center and porphyrinic
ligands. The PCN-600 anode delivered a reversible capacity of
1300 mA h g7' at 400 mA g™, and retained 1580 mA h g™*
after 140 cycles at 100 mA g~'. As a traditional organic tran-
sition metal complex, ferrocene contains one central iron
cation (Fe**) and two cyclopentadienyl anions, which can

This journal is © the Partner Organisations 2022
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Fig. 3 Ex situ characterization of the Fe-MIL-88B nanorod electrode at different charge—discharge stages: (a) XRD pattern variations; and (b) vari-
ations in the Fe 2p XPS core spectra.® (c) Charge/discharge capacity and coulombic efficiency of PMooV,, PMo4oV,@MIL-100, ILs@MIL-100 and
PMo1oV,-ILs@MIL-100 crystals at 0.1 A g~2.2° (d) XRD patterns of the MIL-53(Fe) and MIL-53(Fe)@RGO samples; and SEM images of (e and f) MIL-53
(Fe) and (g) MIL-53(Fe)@RGO.*® (h) SEM image of CPO-27@250 and (i) schematic illustration of the preparation of CPO-27 arrays.?® (j) Scheme for

the synthesis of mesoporous metal—organic nanomeshes.®*

perform reversible redox reactions and be used as an efficient
and stable cathode for LIBs.”**> In order to overcome the high
solubility of ferrocene in organic solvents and electrolytes,
introducing electron-withdrawing groups can make the
materials obtain lower solubility and higher redox potential to
achieve higher capacity.”®”

In particular, as early transition metal anionic clusters,
polyoxometalates (POMS) are known as “electron sponges”,
which have reversible multi-electron redox properties and high
capability to accept a huge number of electrons.”® ®' In 2018,
Zhang et al. reported PMo;,V,-ILs@MIL-100,°* in which
PMo,,V, is inserted into MIL-100 cages as a bridge, ionic
liquids (ILs) can be easily dispersed into MIL-100 mesoporous
cages with enhanced conductivity. Therefore, it showed a sur-
prisingly high initial discharge capacity of 1665.5 mA h g~" at
100 mA g ', and retained 1258.5 mA h g™' after 100 cycles
(Fig. 3c). In 2020, Zhao et al. reported MIL-88A@PMoy,.”’
During the synthesis process, phosphomolybdic acid leads to
the low pH of the reaction system, which was not conducive to
the formation of MIL-88A with high crystallinity. Therefore,
MIL-88A@PMo,, with an amorphous structure was obtained
with a smooth surface and no aggregation. It is worth men-
tioning that PMo,,V, cluster’s reversible redox properties and
water solubility were stronger than those of the PMo,, cluster

This journal is © the Partner Organisations 2022

due to the reason that the V atom in the PMo,,V, cluster can
increase the redox potential of the first electron transfer reac-
tion. Later, Ai’s group used metal phosphate to synthesize
mesoporous ferric phytate nanomeshes (mFeP-NMs), the
detailed synthesis procedure of mFeP-NMs is shown in
Fig. 3j.%° Thanks to the unique two-dimensional ultrathin
monolayer nanostructures (~9 nm thickness), it had preferable
charge storage and ion transport properties. Compared with
carboxylates, metal phosphonates show higher thermal and
chemical stability because the affinity of metal ions is strong.
This work provided a new template for the synthesis of meso-
porous metal-organic nanomeshes.

2.2. Sodium-ion batteries

In the past few decades, LIBs have played a dominant role in
the competitive field of energy storage systems.®® However, due
to the limited resources of lithium on Earth, the demand for
alternative systems with comparable performance to LIBs has
promoted the research and exploitation of different materials
and composites with other more abundant alkaline metals
such as sodium or potassium.®>’° Because of low cost, low tox-
icity and abundance of sodium resources, sodium-ion batteries
(SIBs) have attracted increasing interest.”"”> Table 2 lists the

Inorg. Chem. Front., 2022, 9, 827-844 | 831
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Table 2 Fe-MOF based electrode materials for SIBs
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Fe-MOF Vs. Na/Na" Initial DC/CC (mA h g™") RC/rate (C or mA g™") Cycle number Ref.
K,Na,[Fe(C,04),]5-2H,0 1.6-4.0 49.5/54.5 45/0.02 C 10 30
FeFe(CN)g/carbon —0.4-0.6 (vs. SCE) 53/— —/100 — 31
NiFe(u) PBA 2.0-4.0 57— 51/100 500 32
FeFe(CN)g —0.8-1.2 (vs. Ag/AgCl) 96/— 90/700 400 77
PB/MoS, — 177/— —/1000 — 80

DC: discharge capacity, CC: charge capacity, RC: reversible capacity.

electrochemical performances of various Fe-based MOFs for
SIB electrode materials.

The oxalato-bridged networks continue to receive much
attention, because the oxalato ligand has high degrees of
freedom of the bridging modes, allowing a large variety of
structures. Wang et al. prepared a new Fe-oxalato open frame-
work K4Na,[Fe(C,0,),]5-2H,0 for reversible Na' intercalation/
extraction in 2014, which is the first discovery of the ion inter-
calation ability of an open frame composed of only oxalate
bridges.*® The Fe atom is coordinated octahedrally by O atoms
from oxalato ligands that are crystallographically distinct, the
crystal structure of K,Na,[Fe(C,0,),]3-2H,0 is shown in Fig. 4a
and b. In addition, in 2017, Chavez’s team reported the feasi-
bility of the Fe-MIL-100 as electrodes for aqueous SIBs.”
However, the capacity of Fe-MIL-100 decreases rapidly in the
cycle with poor reversibility, which may be due to the inability
to access active sites reversibly for sodium intercalation. An
oxalate ligand has the bridging mode with high degrees of

Nucleation
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.= \ j—il—hii' |
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freedom, and can be used as powerful ion intercalation elec-
trode materials.”*”°

Among numerous potential SIB electrode materials,
Prussian blue (PB): A;_M,[M},(CN)s];_,-zH,O (A: alkali cations,
M: metal ions) have attracted enormous attention, in which
M, is usually a Fe atom, thus they are called hexacyanoferrates
(HCF).** PB has a structural arrangement that allows Fe to be
partially substituted by other transition metal ions (such as
Co", co™, cu", and Ni") in different oxidation states, forming
Prussian blue analogs (PBAs).”® As a promising cathode
material for high rate aqueous SIBs, Yang et al. studied and
compared the electrochemical performance of highly crystal-
line FeFe(CN), in Na® aqueous solutions (Fig. 4c).”” The
electrochemical behavior of FeFe(CN)s in SIBs showed a
capacity of 118 mA h g~ at 400 mA g™, and retained 94% of
the initial capacity after 400 cycles at 700 mA g~ " due to its
good reversible redox reaction for insertion/extraction of Na
ions. Besides, FeFe(CN)g/carbon cloth has also been proved to
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Fig. 4 Crystal structure of K4Nas[Fe(C,04),]3-:2H,0, with iron atoms shown in blue, carbon atoms in grey, and oxygen atoms in red, (a) coordination
environment around Fe and (b) the 3D iron-oxalato framework.*® (c) Schematic of Li and Na ion insertion for FeFe(CN)g.”” (d) Schematic illustration
of the process used for the synthesis of FeFe(CN)g/carbon cloth composites.® (e) Nanostructure evolution and TEM images of NiFe(i) PBA cubes,

NiFe(i) PBA concave cubes and NiFe(i) PBA nanoframes.*?
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be suitable for aqueous SIBs (Fig. 4d).* However, the rapid
capacity decay was observed through the rate performance
test, which may be due to the corrosion of the electrode con-
necting wire in acidic solution. Furthermore, the crystal struc-
ture of FeFe(CN)s was gradually destroyed by rapid cation
migration. In addition, as one of the most studied inorganic
layered transition metal dichalcogenides (TMDCs), MoS, has
been widely used in LIBs, SIBs, supercapacitors etc. for its excel-
lent properties.”®’® Morant-Giner et al. reported a simple
method for preparing PB/MoS, based composites, which also
provided a new way to combine other TMDCs with PBAs as
energy storage composites.’® As the materials of SIBs and PIBs,
PB/MoS, showed excellent cycling stability, whose capacity
retention was more than 97% after 10 000 cycles at 10 A g,

Although PB and PBAs have the flexibility of cationic substi-
tution in the crystal lattices, they can easily grow into large
crystals. Monocrystalline nanoframes, as a kind of hollow
nanostructure, porous on each face, are expected to be ideal
candidate materials because they can provide a large contact-
able surface area and high crystallinity at the same time.®"%
Zhang et al. prepared single crystal NiFe(i1) PBA nanostructures
by preferential etching.’® Compared with the initial cubes, the
nanoframes not only made the intercalation of Na' ions easier,
but also significantly improved the rate performance and
cycling stability (Fig. 4e). After 500 cycles at 100 mA g™, the
capacity retention of the nanoframes was 90%, much higher
than the 55% of the initial cubes.

2.3. Potassium-ion batteries

Except for LIBs and SIBs, potassium-ion batteries (PIBs) have
also been receiving much interest recently. The most outstand-
ing advantage is the exceptional negative potential: the stan-
dard potential of K'/K (—2.88 V vs. the SHE) is 0.09 V lower
than that of Li'/Li (—2.79 V vs. the SHE) and 0.32 V lower than
Na’/Na (-2.56 V vs. the SHE) in organic solvent PC.*?

Table 3 Fe-MOF based electrode materials for PIBs
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Therefore, PIBs can obtain higher energy density and voltage
operation than LIBs and SIBs. In addition, the charge density
between K' (0.09 e A™%) is lower than Na' (0.23 e A™%), which
makes K* have higher mobility in nonaqueous solution.*?
Table 3 presents the electrochemical performances of various
Fe-based MOFs for KIBs.

Although some layered metal oxides (K,MO,) have been
reported and cycle up to several hundred times, probably due
to the larger ionic radius of K" (1.38 A) than Li' (0.76 A) and
Na' (1.02 A), some phosphate (K;V,(PO,);) and layered K,MO,
materials are not satisfactory for K" extraction/insertion in the
structure.®®> Fortunately, because of its large intrinsic inter-
stitial cavities, facile preparation and low cost, Prussian blue
and its analogues as cathode material for PIBs were widely
reported.>”®® Owing to the strong bonding between the
carbon/nitrogen end of the cyanide ligand and the partially
filled d-orbitals of Fe*" and Fe’* ions, pristine PB has a simple
synthesis process and stable properties.®” Unfortunately, it is
not suitable for lithium-ion batteries, the research result of
Imanishi et al. showed that the positive electrode with PB for a
lithium rechargeable battery loses 30% capacity after only 10
cycles.*®®® The stable PB film can participate in 10” reversible
cycles of K" insertion/extraction, while the insertion/extraction
of lithium ion destroys the lattice structure of the film, which
makes its electrochemical activity decay in several cycles.”®"
The crystal size is closely related to the material properties. He
et al. explored the relationship between the crystallite size and
performance of Prussian white, which showed that the ultra-
small K, ;Fe[Fe(CN)soo crystallites offered the highest dis-
charge capacity. Similarly, the aggregation of bulk synthesized
Prussian blue inevitably leads to the limitation of K' mobility
and the inhibition of potassium storage performance. To
improve this situation, Qin et al synthesized an ultrathin
nanosheet-assembled hierarchical K; ,Fe [Fe(CN)g]; (PB-NSs)
by a facile dissolution-recrystallization strategy, which provides

Fe-MOF Vs. K/IK" Initial DC/CC (mAh g™)  RC/rate (C or mA g™) Cycle number  Ref.
K 457N, 5[ Fe(CN)]o(H,0)s 3.4-4.15 55.6/64.9 —/0.1C 100 33
K,Fe"[Fe'(CN)q]-2H,0 0-1.2 (vs. Ag/AgCl) 120/140 115/200 100 34
Ko 5Tio 75F€.25[Fe(CN)g]o.05:2.8H,0 1.0-4.5 113/— 73.1/100 100 35
Ky gsFey 0oFe(CN)g-2.1H,0 2.0-4.5 110.5/105.1 105/20 3 36
K 4Fe,[Fe(CN)cls 2.0-4.0 72/— 57.7/50 40 92
KFe'[Fe™(CN)] 2.0-4.5 118.7/— 111.3/10 100 93
K1 40Nig 36C00.64[Fe(CN)6o.01°0.89H,0  2.0-4.5 86/— 75.9/20 300 94
K,Nig o5Fe.95Fe(CN)g 2.0-4.5 123.50/— 116.58/100 50 95
K1 75Mn[Fe(CN)gl.03-0.16H,0 2.0-4.5 117/192 137/30 5 9

CNT/PB —0.2-1.2 (vs. Ag/AgCl)  8.3/— (mA h cm™) 6.1/2.5 (MAh em™)/pA 1000 99

K1.6sMn[Fe(CN)g]o.05:0.7H,0/G 2.0-4.5 108.8/— 103.2/5 C 500 100
MOF-235 + 20M 0.01-3.0 — 132/200 200 101
MOF-235 + 20G 0.01-3.0 — 180/200 200 102
KHCF@PPy 2.0-4.2 88.8/— 77.1/50 500 103
Ko.220Fe[Fe(CN)g]o.g05-4.01H,0 2.0-4.0 68.5/— 64/100 50 104
Ky.02Fe[Fe(CN)]0.95-0.5H,0 2.0-4.3 — 133/0.1 C 200 105
Ky.05Fe[Fe(CN)g]o.07-1.82H,0 —0.2-1.0 (vs. SCE) 100.1/— 88.2/1500 300 110
Ky.sFe[Fe(CN)g]o.o 2.0-4.5 120/— 102/100 100 111

DC: discharge capacity, CC: charge capacity, RC: reversible capacity.
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a new nanostructure strategy to improve the potassium storage
performance of the intercalated electrode.”” As confirmed by
TEM, the thickness of this ultrathin nanosheets is about
10 nm (Fig. 5a-c). Thanks to the ultrathin nanosheet-
assembled hierarchical structure, the diffusion path is shor-
tened, more active sites are exposed, which results in higher
specific capacity and lower polarization. Compared with the
bulk samples (PB-NBs), we could find that PB-NSs showed
more superior cycling performance (75.2% of initial capacity
retained after 100 cycles) and rate performance (71 and
24.9 mA h ¢! at 50 and 600 mA g™ '), as shown in Fig. 5d. In
addition, Chong’s team reported a ferrous ferricyanide nano-
particle, KFe"[Fe"™(CN)¢] (KFFCN), as a cathode material for
nonaqueous KIBs, which has a unique 3D open framework
structure, nanoparticle morphology, two electron shuttle per
formula unit and solid solution process, rather than phase
transition for K™ extraction/insertion (Fig. 5i).°> Ex situ charac-
terizations show that it can maintain reversible redox reactions
and a stable structure in a long-term cycle. Therefore, KFFCN
has an ultra-long cycle life of 1000 cycles and minimal capacity

Reduction of N-Fe!'/Fe''!

i o

«"’f}d{

1st

A

*
L N
L]

Oxldatlon of N-Fe“/Fe"'

*
. ‘.
| K & | ? "‘. £ ?
* ¥ 7 21 * 22 discharge
.';,"?.' 1st @ 3".. ——-—)g
b 0":5? charge $ > 1 above3.svV

View Article Online

Inorganic Chemistry Frontiers

fading at a current density of 100 mA g~'. Hence, low-cost and
excellent electrochemical performance make it promising for a
large-scale electrical energy storage system.

Ternary materials provide a new way to improve the elec-
trode performance by doping other transition metal ions such
as nickel, manganese, zinc, titanium, etc. Ni doping can effec-
tively improve the conductivity, causing crystallinity/orderli-
ness changes, and have an influence on Fe and -C=N-
groups, including the motivation of Ni towards the C end con-
nected Fe, and the effect of Ni on the electronic structure of
the -C=N- group.®® For example, Huang et al. systematically
studied the effect of Ni-doping on K,FeFe(CN)s, and found
that doping with a suitable amount of Ni promoted/activated
the redox reaction of C-coordination Fe?’'Cq4/Fe**Cq by chan-
ging the electronic state of Fe and boosting the diffusion of K
ions during the charge and discharge process.”” The optimal
sample K,Nij osFeqo5Fe(CN)s showed excellent long cycling
stability and a high initial capacity of 135 mA h g™
Particularly, the high-voltage plateau capacity increased from
~40 mA h g7" to 53 mA h g~'. As a cheap and environmentally
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Fig. 5 Morphological characterization and evolution of PB-NSs by (a and b) SEM and (c) TEM images of PB-NSs and (d) the rate performances of
PB-NSs and PB-NBs.?2 SEM images of (e) KFe(0), (f) KFe(1.0) and (g) KFe(2.0); and (h) cycling performances tested at 1500 mA g~ (10 C) for all KFe
samples.™° (i) Schematic view of the K-ion extraction/insertion mechanism during the initial charge—discharge process and subsequent cycles for

the KFFCN electrode.®®
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friendly transition metal, manganese doping is also con-
sidered to be a feasible way of improving electrode perform-
ance. In the K;,sMn[Fe(CN)glo.03:0.16H,0 (K-MnHCFe) pre-
pared by Bie et al.,, Mn and Fe atoms at octahedral sites are
alternately arranged by the coordination bonds connecting
nitrogen and carbon, respectively.”® The open framework struc-
ture of MnNg and FeCq octahedra are bridged by cyanide
ligands, which provides a large diffusion tunnel for K" at the
interstitial sites. K-MnHCFe not only has a high reversible
capacity of 141 mA h g~" and high energy density of 536 W h
kg™', which is equivalent to that of LiCoO, (~532 W h kg™
versus Li), but also exhibits excellent rate performance and
cycle performance. Besides, both zinc-doped K ggZn, gg[Fe
(CN)e],(H,0)5**  and titanium-doped K, 3Tig,5Feq5[Fe
(CN)gJo.052.8H,0* show great electrochemical performance,
proving the feasibility of doping transition metals.

The introduction of carbon materials such as carbon nano-
tubes (CNTs) and graphene has been proved to be an effective
method to improve electrode stability.””>°® Thin films of single-
walled carbon nanotubes (SWCNT) and iron-filled multi-
walled carbon nanotubes (MWCNT) were prepared by Nossol
et al. through the liquid-liquid interfacial route on plastic sub-
strates, to obtain transparent, flexible and ITO-free electro-
des.”” The Fe species present in the two electrodes were

Q iron-filled
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and flexible cathode

A

SWCNT/
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K[Fe(CN).]

iron-decorated
SWCNT
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c d

DMF

Graphene

MOF-235
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Fig. 6 (a) Schematic illustration of synthesis process of CNT/PB.®° (b) Illu

diagram of MOF-235.2! (d) The schematic diagram of MOF-235 and graphene composites.
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employed to synthesize CNT/PB nanocomposite thin films
(Fig. 6a). Compared with MWCNT/PET, the SWCNT/PET elec-
trode shows a more reversible character, while the MWCNT/PB
film shows high stability after several voltammetric cycles,
which is attributed to the slow diffusion of Fe species from
inside of the tubes leading to a strong CNT/PB interaction.
Furthermore, the research of Sun and colleagues showed that
the introduction of graphene can significantly reduce the
charge transfer resistance and improve the conductivity of the
hybrid electrode.'®® Similarly, by combining MOF-235 ([Fe;O
(1,4-BDC);3;(DMF);][FeCl,]-(DMF);) with multiwall carbon nano-
tubes (MCNTs) and graphene, the prepared MOF-235 + 20M
and MOF-235 + 20G both show better electrochemical perform-
ance (Fig. 6¢ and d)."°"'%* The existence of interstitial water
and its related decomposition lead to underestimation of the
capacity of the material. With the removal of crystal water, the
capacity, cycle life and coulombic efficiency of these materials
will be greatly improved.*® For example, a polypyrrole-modified
PB material (KHCF@PPy) was proposed by Xue’s team
(Fig. 6b)."° Through the in situ polymerization PPy coating
method, the composite had a low defect concentration with
enhanced electronic conductivity, and exhibited excellent
cycling stability and rate capability. During the charge/dis-
charge cycling test, the coulombic efficiency of the first few
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cycles is low (~72.67%), and gradually increases to above 98%
of a stable level. In this process, the decomposition of residual
interstitial water improves the CE.

The application of materials to full batteries is an impor-
tant step towards commercialization, Zhang and colleagues
elaborated on the electrochemical properties exhibited by
Prussian blue as a positive material in organic electrolytes. A
high performance potassium-ion battery using Prussian blue
as a potassium ion cathode material also was first matched.
They reported a comprehensive study on Kgaz0Fe[Fe
(CN)sJo.s05°4.01H,O (KPBNPs) nanoparticles as potential
cathode materials for KIBs.'®* The electrochemical reaction
mechanism analysis proves that a carbon-coordinated Fe™/Fe™
couple is the redox-active site, which is responsible for the
electrochemical storage of K-ions. It is worth mentioning that
this work first proposed KIB full-cell, with commercial carbon
black super P as the anode and KPBNPs as the cathode. These
two materials are cost-effective and essentially sustainable,
showing a broad prospect of PBA in large-scale electrochemical
energy storage. In the same year, another study on a KFeHCF/
K, TP full cell for non-aqueous potassium-ion batteries showed
high reversible capacity of ~100 mA h g™, and better cycling
performance than half cells."” Moreover, electrochemical
measurements of the KFeHCF (K o,Fe[Fe(CN)g]o.04:0.5H,0)
cathode were conducted with K half-cells in several carbonate
and ether mixture solutions, which indicate that the addition
of fluoroethylene carbonate (FEC) effectively improves the cou-
lombic efficiency and cycling stability.

In the applications of grid-scale stationary energy storage
system, the key performance metrics are cost, cycle life,
environmental compatibility, response time and energy
efficiency, not energy density.'® In order to reduce cost and
improve safety, an aqueous secondary battery based on potass-
ium shuttle ions shows great potential. It is not only much
cheaper than aqueous LIBs, but also has a higher capacity
than aqueous SIBs.'®” "% For example, K,Fe'[Fe"(CN)y]-2H,0
nanocubes reported by Su et al. shows excellent rate perform-
ance, long cycling capability, and high reversible capacity,
retaining 96% of the initial capacity even after 500 cycles at
500 mA g~ '.>* Because the potassium-rich iron(i) hexacyano-
ferrate can provide two electrons per formula unit, the capacity
is up to 120 mA h g™ In addition, by controlling the acidity of
hydrothermal process, Li et al synthesized a series of
K-Prussian white nanoparticles with different sizes and gradi-

Table 4 Fe-MOF based electrocatalysts for the ORR in metal-air batteries
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ent crystallinity."*® In this work, they used different concen-
trations of hydrochloric acid aqueous solution (0, 0.2, 0.5, 1.0,
1.5, and 2.0 mol L™") to produce a gradient acidic environ-
ment, and labeled the samples as KFe(0), KFe(0.2), KFe(0.5),
KFe(1.0), KFe(1.5), and KFe(2.0), respectively. The SEM images
and XRD patterns show that with the increase of acidity, the
particle size decreases. However, when the acidity is too high,
the morphology of the particles becomes irregular with
obvious agglomeration (Fig. 5e-g). Ultimately, they found that
highly crystalline KFe(1.0) (K;.o3Fe[Fe(CN)g]o.97-1.82H,0) com-
posed of 50 nm crystallites provides the highest reversible
capacity and rate capacity, and also maintained 88% of the
initial capacity after 300 cycles at 1500 mA g~* (Fig. 5h).

2.4. Metal-air batteries

Metal-air batteries are electrochemical reaction devices that
directly convert the chemical energy of metals (magnesium,
aluminium, zinc, lithium, etc.) into electrical energy, which is
efficient, safe, and environmentally friendly. Although great
progress has been made in the study of metal-air batteries,
there are still many challenges, such as low cathode utilization
and slow kinetic process at the cathode, high overpotential
and poor reversibility, resulting in low actual energy density.
Metal air electrodes consist of metal anodes, air cathodes, and
electrolytes. Different kinds of metal-air electrodes involve
different electrochemical reactions and products, depending
on the metal, electrolyte, and -catalytic material chosen.
Table 4 summarizes the electrochemical performances of Fe-
MOF based electrocatalysts for the ORR in metal-air batteries.
Zhang et al. successfully fabricated Fe-based metallopoly-
mer nanowall composites via a simple wet-chemical
process.''* The SEM and TEM images of the Fe-based metallo-
polymer/reduced graphene indicated that the Fe-based metal-
lopolymer nanowalls with 100-200 nm widths grow vertically
on the graphene surface (Fig. 7d and e). The unique structure
was beneficial for the improvement of catalytic activity.
Through the rotating-disk setup, FMG (Fe-based metallopoly-
mer/rGO) exhibited higher catalytic activities than CMG (Co-
based metallopolymer/rGO) and MMG (Mn-based metallopoly-
mer/rGO). The first cycle round-trip efficiencies of the FMG
electrodes at current densities of 200 mA g~ are 79%, but the
first loop round-trip efficiencies of the CMG and MMG electro-
des are 67% and 65%. Besides, hydrothermal process is also a
common method for the synthesis of Fe-MOFs. Fe-BTC'"® and

Fe-MOF Electrode Supports Eonset/V (vs. RHE) E;,/V (vs. RHE) Battery Ref.
Fe-SA-NC@CC 0.1 M KOH Carbon cloth 0.97 0.86 Al-0, 37
ZIF-67 0.1 M KOH Bay 5ST0.5C00.sFe0 205 0.45 1.56 Zn-0, 38
PCN-226 0.1 M KOH Zr-Chains 0.83 0.75 Zn-0, 39
FePPc@CB 0.1 M KOH Carbon matrix 0.75 0.908 Zn-0, 115
Ni/Fe-BTC-MOF 0.1 M KOH — 1.091 0.964 Zn-0, 116
HCF-MOFs 0.1 M KOH — 0.90 0.82 Zn-0, 117

DC: discharge capacity, CC: charge capacity, RC: reversible capacity.
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Fe/Co-BTC''* were prepared as excellent bifunctional catalysts
through the hydrothermal process. It is noteworthy that
Huang et al. developed a novel method utilizing gas diffusion
and a subsequent pyrolysis process to synthesize Fe-
SA-NC@CC (Fe-SA = iron single atoms, CC = carbon cloth) as a
self-supporting electrode for the Al-air battery, which overcame
the problem of inherent electrocatalytic activity and electrode
configuration (Fig. 7a).>” Owing to the coupling effect between
the intrinsic ORR activity of Fe-SA and the fast ion/electron
transport of nitrogen-doped carbon sheets on CC, Fe-
SA-NC@CC showed enhanced ORR performance and high
durability.

Fe-Based MOFs were widely used in the field of Zn-air bat-
teries. Various approaches have been used to synthesize Fe-
based MOFs. Arafat et al. attained BSCF@Co-Nx-C (BSFC =
Ba, 5510 5Co, gFe, ,03) by in situ growth of ZIF-67 obtained

This journal is © the Partner Organisations 2022

from the solution of cobalt nitrate and 2-methylimidazole in
the presence of BSCF particles (Fig. 7b).*® The possible mecha-
nism of the OER and ORR of BSCF@Co-N,-C is shown in
Fig. 7c. The N-doped porous carbon network led to effective
improvement of the ORR/OER performance of the composite
material. Cheng et al. developed a melt polymerization strategy
to synthesize iron-polyphthalocyanine (FePPc) MOFs over the
carbon black matrix (FePPc@CB), in which FePPc molecules
could anchor on the carbon matrix, contributing to the elec-
tron transfer process and stability of the systems.''®
Additionally, Pourfarzad et al. applied a CES method for the
fabrication of a mixed MOF, Ni/Fe-BTC, using nickel chloride
and iron chloride as Ni(u) and Fe(u) sources, and BTC as the
linker.'*® Surprisingly, zinc-air batteries with the Ni/Fe-
BTC-MOF  illustrated a  significant cycling-life  of
5262 h@10 mA cm™> with an energy density of 1082 W h
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kg, '. Similarly, Li et al. applied a bimetallic synergy strategy
to attain bifunctional electrocatalysis for flexible rechargeable
Zn-air batteries. The unique hierarchical structure and porous
channels of HCF-MOFs ensured high exposure of metal sites
(Fig. 7f), thus boosting the electrocatalytic activity.''” Cichocka
et al. reported a new MOF, denoted PCN-226, which was con-
nected viag linking redox active metalloporphyrins and Zr (+4)
cations. PCN-226 was considered as a promising electrode
material for rechargeable Zn-air batteries, with a high peak
power density of 133 mW cm™>. By using the same strategy, a
series of ultra-stable porphyrinic Zr-MOFs containing metal
ions such as Cu, Co, Ni, Fe and Zn were created successfully.*®
Except metal-air batteries, Fe-based MOFs were usually
applied in Li-CO, batteries. Li-CO, batteries utilize CO, gas as
the reactive species, reducing the overall mass of the cell,
endowing the cell with very high theoretical specific energy
(up to 1876 and 1136 W h kg ' for Li-CO, and Na-CO, bat-
teries, respectively)."'®'*® It has been shown that MOFs con-
taining Fe open metal sites offer a great perspective for CO,
sorption. Wongsakulphasatch et al. synthesized MIL-88A and
MIL-127(Fe), which exhibited an excellent sorption capacity of
4.95 mmol g~ for MIL-88A and 5.24 mmol g~ for MIL-127
(Fe)."?° Fe(bdc) was also studied for Li-CO, batteries. However,
manganese performed the best among the six metals with
electrocatalytic activity studied by the authors.'*

2.5. Lithium-sulfur batteries

Lithium-sulfur batteries, based on the electrochemical reac-
tion of lithium and sulfur, were first proposed in the early

View Article Online
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1960s, and have attracted extensive attention due to their
theoretical specific energy of up to 2600 W h kg™* and specific
capacity of 1675 mA h g™', which are much higher than those
of commercial lithium-ion batteries.'*> What’s more, sulfur is
naturally abundant, environmentally friendly and cost-
effective, thus lithium-sulfur batteries have become a feasible
alternative for energy storage devices in the future.*® However,
there are still several problems in the commercialization of
LSBs: (1) as an insulator, sulfur leads to large electrochemical
polarization and battery impedance;'** (2) during cycling, the
intermediate polysulfides may dissolve in the organic electro-
Iyte and deposit on the lithium metal anode through the dia-
phragm, and operate the “shuttle effect”;'**"*® and (3) the
volume expansion of materials during the cycle leads to
cathode failure."”'*®

Desirable sulfur electrochemistry strongly depends on host-
guest interactions, which require the rational design of the
surface fine structure of sulfur reservoir materials. Zhu et al
first discussed the effect of coordinative unsaturation in ferric
hexacyanoferrate on sulfur immobilization and catalyzation.**
Through a simple ammonia etching treatment of FeHCF, the
Fe-H,0 moieties were removed selectively, leaving the
coordination unsaturated Fe sites with higher absorbability
and conversion catalytic activity for polysulfide (Fig. 8a—e). The
synthesized FeHCF-A maintained excellent rate performance
and cyclability at a high current density of 5 C, including an
ultra-low decay rate of 0.024% per cycle over 500 cycles and a
laudable areal capacity of 4.5 mA h cm™> under high sulfur
loading. To develop the ideal host for sulfur, researchers turn
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their attention to MOFs with high porosity and particular mor-
phology. Capkova et al. prepared MIL-101(Fe)-NH,, which suc-
cessfully achieved sulfur capture and encapsulation.'*® As the
cathode for lithium-sulfur batteries, it displayed highly stable
cycle performance, high efficiency (retaining 67.6% of the
initial capacity at 0.5 C after 200 cycles and the coulombic
efficiency of 95%). Similarly, Benitez et al synthesized
MIL-88A by a sustainable, simple and short-time method with
the assistance of ultrasound. The particle size (length:
900-950 nm, width: 200-250 nm) is smaller than that syn-
thesized by a conventional solvothermal method, promoting
dispersion and optimal sulfur hosting (Fig. 8f).**> Besides, by a
typical melt-diffusion method at 155 °C, the composite
MIL-88A@S was prepared as the cathode material of a Li-S
battery, in which sulfur was effectively confined. The
MIL-88A@S electrode exhibited a stable specific capacity of
400 mA h g~ at several 1 C (1 C = 1675 mA g ') and even
maintained a reversible capacity of above 300 mA h ¢g™" at 0.5
C over 1000 cycles, indicative of an effective cathode material
for Li-S cells with long cycles (Fig. 8g).

3. Summary and outlook

Nowadays, MOF chemistry provides more and more opportu-
nities for the design and synthesis of battery materials due to
their advantages of high specific surface area, diverse struc-
tures, simple synthesis method, controllable porous nano-
structure, and excellent properties. Although Fe-MOFs are just
a small branch of the MOF family, they have attracted much
attention from researchers in recent years because of their
abundant resources, chemical versatility, and potential practi-
cal application in life. In this review, we summarize the rapidly
developing Fe-MOFs according to the classification of battery
types, including synthesis methods, reaction conditions, and
electrochemical properties. However, continuous efforts are
needed to realize the commercial application of pristine Fe-
MOF materials, and during the design process, the following
issues and advise need to be considered: (1) most of the Fe-
MOFs possess an appropriate porous structure and a large
surface area, and a small particle size to increase the surface
area, which can provide a greater contact area between the
electrolyte and the active material. In addition, the nanosized
structure can offer a short diffusion path for fast transport of
electrons and ions to enrich electrochemical reactions. (2)
Many Fe-based MOFs exhibit poor electronic conductivity and
relatively low specific capacity. As a result, some conductive
substrates, such as carbonaceous materials (graphene, carbon
nanotubes, carbon nanofibers, etc.) and Cu/Ni foams, can be
introduced into the framework, which has been proved to be
an effective method to enhance the stability of the electrode
and improve the defects of unsatisfactory energy density and
poor conductivity. (3) There is search for appropriate measures
to prevent the porous structure of Fe-MOFs from being mostly
destroyed after calcination. Although through thermal treat-
ment above 400 °C, the conductivity of MOFs is improved, it
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will destroy the immanent organic-inorganic hybrid structure.
However, by using low-temperature synthesis or other syn-
thesis methods, different inorganic functional components
can be introduced while maintaining the crystalline state and
porous structure of the MOF to form “MOF-inorganic func-
tional component” heterogeneous materials, so as to solve the
problem of insufficient number of MOF active sites. Providing
more active sites with metal centers or organic clusters for
higher redox activity of organic linkers at high potential can
achieve sufficient specific capacity; introducing electron-with-
drawing groups is another method. (4) Fe-MOFs are usually
prepared by the hydrothermal/solvothermal reaction between
Fe salts and organic ligands, and their morphologies and com-
positions can be controlled by adjusting the reaction con-
ditions including the temperature, solvent, pH, additives and
molar ratio of reactants. However, due to the difficulty of accu-
rate control of thermodynamics and kinetics in the reaction
process, these two traditional and common methods some-
times lead to low yields and uneven morphologies, which is
not conducive to practical application. Other feasible methods,
such as dry gel conversion synthesis and microwave synthesis,
are expected to be easier to operate in a short time. Therefore,
further development should focus on green, large-scale syn-
thesis techniques, through inexpensive and simple processes.
Compared with the other metallic MOFs applied in bat-
teries, Fe-MOFs present some inherent merits and competitive
advantages, such as abundant natural resources, non-toxicity,
and economic benefits, together with high theoretical specific
capacity and reversibility of Fe ions in redox reactions. Among
different types of Fe-MOFs, the synthesis strategy of some
uncommon organic ligands involve a multi-step and tedious
process, making the construction of Fe-MOFs more compli-
cated and expensive, which hinders their large-scale pro-
duction and wide practical application. As a result, many lit-
erature reports mainly focus on two series of representative Fe-
MOFs, namely MIL-Fe (1,4-benzenedicarboxylic acid as the
ligand) and Prussian blue (ferricyanide as the ligand).
Probably because these two ligands are easily commercially
available and low cost, the corresponding Fe-MOFs can be fab-
ricated with mass production and easy modifications. In par-
ticular, as for Prussian blue and Prussian blue analogues, con-
trollable morphology can be achieved in many cases through
simple synthesis routes and at mild reaction temperatures.
Although tremendous efforts have been devoted to design and
develop new Fe-MOF structures with versatile redox activity as
advanced electrode materials, more accurate control of the
chemical composition and fine nanostructures still faces chal-
lenges. Additionally, in place of using a single metal to grow
Fe-MOFs, a multimetallic source can be used to prepare
heterometallic Fe-based MOFs, which will be a promising appli-
cation to enhance the electrochemical properties owing to the
synergistic effect. Systematic experimental research and predic-
tive theoretical modeling are important to better clarify and
understand the relationship between Fe-MOF nanostructures
and their properties in various energy applications. Overall, we
hope to provide researchers with relevant experience in syn-
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thesis processes and improved methods for Fe-MOFs through
this review, and attract more attention to explore this fascinat-
ing field.
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