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Abstract: It is necessary to develop new energy technologies because of serious environmental
problems. As one of the most promising electrochemical energy conversion and storage devices, the
Zn–air battery has attracted extensive research in recent years due to the advantages of abundant
resources, low price, high energy density, and high reduction potential. However, the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) of Zn–air battery during discharge
and charge have complicated multi-electron transfer processes with slow reaction kinetics. It is
important to develop efficient and stable oxygen electrocatalysts. At present, single-function catalysts
such as Pt/C, RuO2, and IrO2 are regarded as the benchmark catalysts for ORR and OER, respectively.
However, the large-scale application of Zn–air battery is limited by the few sources of the precious
metal catalysts, as well as their high costs, and poor long-term stability. Therefore, designing
bifunctional electrocatalysts with excellent activity and stability using resource-rich non-noble metals
is the key to improving ORR/OER reaction kinetics and promoting the commercial application of
the Zn–air battery. Metal–organic framework (MOF) is a kind of porous crystal material composed
of metal ions/clusters connected by organic ligands, which has the characteristics of adjustable
porosity, highly ordered pore structure, low crystal density, and large specific surface area. MOFs and
their derivatives show remarkable performance in promoting oxygen reaction, and are a promising
candidate material for oxygen electrocatalysts. Herein, this review summarizes the latest progress
in advanced MOF-derived materials such as oxygen electrocatalysts in a Zn–air battery. Firstly, the
composition and working principle of the Zn–air battery are introduced. Then, the related reaction
mechanism of ORR/OER is briefly described. After that, the latest developments in ORR/OER
electrocatalysts for Zn–air batteries are introduced in detail from two aspects: (i) non-precious metal
catalysts (NPMC) derived from MOF materials, including single transition metals and bimetallic
catalysts with Co, Fe, Mn, Cu, etc.; (ii) metal-free catalysts derived from MOF materials, including
heteroatom-doped MOF materials and MOF/graphene oxide (GO) composite materials. At the end
of the paper, we also put forward the challenges and prospects of designing bifunctional oxygen
electrocatalysts with high activity and stability derived from MOF materials for Zn–air battery.

Keywords: metal–organic framework; oxygen reduction reaction; oxygen evolution reaction;
Zn–air battery

1. Introduction

In recent years, great progress has been made in economic development and science
technology. New technologies and inventions have brought great convenience to modern
society. However, these advanced technologies rely on the consumption of non-renewable
fossil energy such as coal and oil. While fossil energy promotes social and economic
development, it also causes serious environmental problems, such as the greenhouse
effect, acid rain, and smog. The extreme depletion of fossil fuels and the harm to the
environment have prompted researchers to develop more efficient, renewable, and clean
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energy conversion and storage equipment [1]. The metal–air battery is a new energy
technology, which has the characteristics of rich raw materials, low cost, high safety, and
environmental friendliness. It can be divided into the Li-O2 battery, Na-O2 battery, Zn–air
battery, Al–air battery, and Mg–air battery (Figure 1) [2]. Among them, the rechargeable
Zn–air battery is considered to be one of the most promising metal–air battery technologies
because of its low cost, high energy density, environmentally friendly, safe operation, and
renewable utilization [3,4].
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Zn–air batteries usually contain four main parts: zinc anode, electrolyte, separator,
and air cathode. Zn anodes generally use pure zinc metal as the active material, and zinc
oxidation occurs during discharge. Zn metal has the advantages of low equivalence weight,
reversibility, high specific energy density, easy accessibility, low toxicity, low cost, and
no significant corrosion in water and alkaline media, making Zn–air battery a promising
energy storage device [3,5]. The electrolyte plays a role in ion migration during the reaction,
and its conductivity is a key factor affecting the ohmic resistance of the cell [6]. Zn–air
batteries mostly work in alkaline media, especially KOH, because of their excellent ion
conductivity (K+, 73.50 Ω−1 cm2/equiv), high oxygen diffusion coefficient, low viscosity,
and excellent activity on both zinc anodes and air cathodes [7]. For highly active metal–air
cells that are unstable in aqueous solutions, such as Li-O2 and Na-O2 batteries, non-aqueous
aprotic electrolytes are usually required [8]. The main function of the separator is to keep
apart the two different electrolytes and transport hydroxyl ions (OH-) from the air cathode
to the zinc anode [2,8]. The separator must meet the basic requirements of inhibiting the
growth of zinc dendrites, being stable in alkaline solutions, having low ionic resistance and
high electrical resistance, as well as against the corrosive electrolyte and oxidation [2,4,9].

Air cathodes usually consist of an electrocatalytic layer and a gas diffusion layer, both
of which serve to reduce the electrode overpotential and enhance the diffusion of oxygen
between the ambient air and the catalyst surface, respectively [2]. The electrochemical
reactions at the air cathode are the key to drive oxygen reduction reaction (ORR) during
discharge and oxygen evolution reaction (OER) during charge [10–13]. However, the
kinetics of the multi-electron transfer process of OER and ORR the sluggish O2 reduction
kinetics. Currently, Pt-based catalytic particles exhibit the best catalytic performance for
ORR [14] and either IrO2 or RuO2 for OER [15,16], but these rare and expensive noble metal
nanomaterials can only selectively catalyze ORR or OER with poor long-term stability
single function. Thus, the rational design of rich resources, high efficiency, and durability
of non-noble metal bifunctional electrocatalysts is the key to improve the kinetics of ORR
and OER reactions and accelerate the commercial application of Zn–air battery [17–19].

Metal–organic frameworks, also known as porous coordination polymers, are porous
crystalline materials composed of organic ligands bridging inorganic metal ions/clusters.
MOFs have a series of advantages such as adjustable porosity, highly ordered pore struc-
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ture, low crystal density, and large specific surface area [20,21]. The organic ligand of
MOFs can be converted into a heteroatom-doped carbon matrix with conductivity, and
the metal species can directly interact with the heteroatom to improve the catalytic ac-
tivity [22]. MOFs have been one of the hottest topics in materials chemistry and other
disciplines and are widely used in gas storage/separation [23–25], multiphase cataly-
sis [26–28], biomedicine [29–31], energy conversion [32–34], and so on, since they were first
report in 1995 [35]. MOF-derived functional materials are the most ideal precursors for
electrocatalysts, which are widely used in electrochemistry due to their unique structure
and chemical composition.

In this review, the structure and working principle of Zn–air batteries are introduced
firstly, as well as the basic principles and evaluation parameters of ORR and OER on air
cathode. After that, some strategies to improve the activity and stability of MOF-derived
ORR/OER electrocatalysts are summarized. The strategies were employed containing:
(i) transition metal catalysts derived from single and multiple transition metal-doped MOF,
(ii) metal-free catalysts derived from heteroatom-doped MOFs and MOFs/graphene oxide
(GO) composites. In addition, the current challenges and prospects are discussed in the
development of MOFs-derived electrocatalysts and Zn–air battery.

2. Catalytic Mechanism in Zinc-Air Battery
2.1. The Structure and Working Principle of the Zn–Air Battery

The basic structure of the Zn–air battery is shown in Figure 2. During discharge,
oxygen is reduced to hydroxyl ions (OH−) at cathode side. Zinc react with OH− migrate
from cathode to form soluble zincate ions Zn(OH)2−

4 , which can be decomposed to form
the insoluble substance zinc oxide (ZnO). On the opposite, the OER on the air cathode
involves the reverse process of the ORR during charge. The reaction process as follows:
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Discharge
Anode:

Zn + 4OH− → Zn(OH)2−
4 +2e− (ϕ 0 = 1.245 V vs . RHE) (1)

Zn(OH)2−
4 → ZnO + H2O + 2OH− (2)

Cathode:

O2+2H2O + 4e− → 4OH− (ϕ 0 = 0.401 V vs . RHE) (3)

Overall reaction:

2Zn + O2 → 2ZnO (E =1.646. V vs . RHE) (4)

Charge
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Anode:
ZnO + H2O + 2OH− → Zn(OH)2−

4 (5)

Zn(OH)2−
4 +2e− → Zn + 4OH− (ϕ 0= −1.245 V vs . RHE) (6)

Cathode:

4OH− → O2 +2H2O + 4e− (ϕ 0= −0.401 V vs . RHE) (7)

Overall reaction:

2ZnO → 2Zn + O2 (E = −1.646 V vs . RHE) (8)

According to the reaction process during discharge, the standard potential of Zn–air
battery is 1.646 V (E = ϕ0

Cathode −ϕ
0
Anode). However, the practical working voltage of the

Zn–air battery is less than 1.646 V due to the internal loss of the battery by ohmic and
concentration loss. During battery charging, a charging voltage of 2 V or even higher is
required to satisfy the electrochemical reactions of the charging process. The overpotential
of oxygen reaction on the air cathode and the formation of dendrites on the zinc anode are
the reasons for significant deviation from the equilibrium value [36–38]. The slow kinetics
of ORR and OER on the air cathode will cause activation loss. The poor flow of electrolytes
and high overpotential will affect the cycle life of the battery [4,37]. In the following section,
the reaction mechanism of ORR and OER are briefly introduced.

2.2. ORR Reaction Mechanism and Evaluation Parameters

The oxygen molecules are reduced during the discharge. The process of ORR mainly
includes: diffusion and adsorption of O2 on the catalyst surface, electron transformation
from the anode to the adsorbed O2, weaken and cleavage of the O=O bond, and migration
of the generated OH− in the electrolyte. ORR process is a multi-electron reaction in
which complex oxygen-containing intermediates are formed. Depending on the type of
adsorption, ORR may be a four-electron pathway or a two-electron pathway. Two-electron
pathway the latter generates hydrogen peroxide ions, which could be further reduced or
undergo disproportionation reactions (Equations (9)–(12)). Hydrogen peroxide generated
by the two-electron process has high oxidizability, which not only reduces the efficiency
of ORR, but also corrodes the catalyst materials [10]. Therefore, the direct four-electron
pathway with produced H2O only avoiding the generation of peroxide species is preferred.

Alkaline:
Four-electron pathway:

O2+2H2O + 4e− → 4OH− (ϕ 0= 0.401 V vs . RHE) (9)

Two-electron pathway:

O2+H2O + 2e− → HO−2 +OH− (10)

2HO−2 +H2O + 2e− → 3OH− (11)

2HO−2 → 2OH− +O2 (12)

The onset potential (E0), half-wave potential (E1/2), Tafel slope and electron transfer
number (n) are widely used to evaluate the catalyst ORR performance. These values
are usually obtained by electrochemical techniques such as linear scanning voltammetry
(LSV) and cyclic voltammetry (CV). LSV and CV are generally conducted in O2-saturated
electrolytes with the catalyst dispersed on a rotating disk electrode (RDE) or rotating ring
disk electrode (RRDE) [39]. The E0 reveals the electrode potentials from which ORR start,
and E1/2 means that the reaction current density is equal to half of the limiting current
density, respectively. These values depend on the inherent nature of the catalysts and can be
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used to evaluate their catalytic activities. The more positive E0 and E1/2 mean the smaller
overpotential and the higher energy conversion. The Tafel slope reflects the kinetic rate of
the ORR process, the smaller the Tafel slope is, the faster the ORR kinetics of the catalyst
has [40]. The n mainly indicates whether the ORR process is dominated by two-electron
or four-electron processes. It can be calculated by the Koutecky–Levich equation using
LSV data obtained from RDE (Equation (13)) or by the yield of H2O2 measured by RRDE
(Equations (14) and (15)).

1
J = 1

JL
+ 1

JK
= 1

Bω1/2 +
1
JK

B = 0.62nFC0 (D 0)
2/3υ−1/6

(13)

where J, JL, and JK are the measured current density, diffusion limiting current density, and
kinetic current density, respectively, n is the number of electron transfer, F is the Faraday
constant (F = 96,485 C/mol), C0 is the concentration of O2 in the electrolyte, D0 is the
diffusion coefficient of O2 in the electrolyte, υ is the kinetic viscosity of the electrolyte, and
ω is the rotation speed of the electrode.

%H2O2= 200
IR/N

ID+IR/N
(14)

n = 4
ID

ID+IR/N
(15)

where ID and IR are the disk current and ring current, respectively, and N is the collection
efficiency of the ring.

2.3. OER Reaction Mechanism and Evaluation Parameters

As the reverse reaction of ORR, OER is also an important part of Zn–air battery. H2O
is oxidized to O2 during the reaction, the complete reaction mechanism can be summarized
with Equation (7), where the asterisk super-index (*) and (a) refer to active site and adsorbed
on it, respectively.

Alkaline:
OH−+∗ → HO∗(a) + e−

HO∗(a) + OH− → O∗+H2O + e−

O∗+O∗ → O2+2 ∗ (process one)

O∗+OH− → HOO∗+e−

HOO∗+OH− → O2+H2O + ∗+ e− (process two)

In alkaline solution, OH− adsorbs on the active site (*) to release electrons and generate
HO*(a), and then HO*(a) react with OH− to generate O*. O* generates O2 in two ways:
(1) the direct coupling of two adjacent O* to form O2 molecules (process one); (2) the
reaction of O* and OH− to form the intermediate HOO*, which continues to react with
OH− to form O2 molecules (process two) [41]. The process one with O2 generated from
HOO* is easier than process one due to its low thermodynamic potential barrier [42].

Overpotential (η), Tafel slope (b), turnover frequency (TOF), and exchange current
density (i0) are the main parameters to evaluate the electrocatalytic performance of catalysts
for OER. When the electrode reaction is unbalanced, the potential difference between the
electrode potential and the reaction equilibrium potential (1.23 V vs. RHE) is called the
overpotential (η). The lower the η value is, the better the electrocatalytic activity is. Tafel
slope (b) indicates the speed of overpotential is increasing with current density, as shown
in Equation (16).
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Using Tafel slope only to evaluate the catalytic performance is not accurate since there
will be non-negligible errors in the value obtained from the graph. TOF is the conversion
rate per unit of catalytic activity of the reactant molecule, which is used to measure catalyst
activity, as shown in Equation (17).

TOF =
j × NA
AnFΓ

(17)

where j is the current, NA is the Avogadro constant (NA = 6.022 × 1023 mol−1), A is the
geometric area of the electrode, n is the number of reaction electrons, F is the Faraday
constant (F = 96,485 C/mol), and Γ is the surface concentration. The exchange current
density reflects the inherent efficiency of electron transfer between the electrode and the
electrolyte [43].

MOF-derived catalysts are one of the most promising bifunctional catalysts for ORR
and OER. MOF-derived transition metal catalysts and MOF-derived non-metallic catalysts
are illustrated in the following parts according to the structural characteristics of MOF
materials. We would like to build connections between performance of catalysts and
their preparation strategies, and give some suggestions that will be helpful for the future
development of MOF-derived ORR/OER catalysts. As shown in Figure 3, we present a
classification diagram of MOF-derived for air cathode catalysts.
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3. MOF-Derived Non-Precious Metal Catalysts

In 1964, Jasinski [44] demonstrated for the first time that cobalt phthalocyanine can
catalyze ORR in alkaline media. In 2009, Lefèvre et al. [45] prepared a Fe-N/C catalyst using
black pearl 2000, 1,10-phenanthroline, and ferrous acetate as catalyst precursors obtained
by ball-milling and pyrolyzing in Ar at 950 ◦C and in NH3 at 1050 ◦C. The catalyst showed
an approximately 35-fold increase in kinetic activity compared to previously reported
non-precious metal catalysts (NPMC). In 2011, Proietti et al. [46] reported a ZIF-8-derived
Fe/N/C catalyst that showed comparable performance to Pt-based catalyst with a power
density of 0.75 W cm−2 at 0.6 V. At present, MOF-derived NPMC are widely used in various
catalytic fields especially in oxygen reduction reaction [47–49]. MOF material is an ORR
catalyst, since its abundant pores can promote the transportation of O2, and rich active
metal sites can participate in redox reactions [50]. It can also be used as a precursor for
the preparation of oxygen electrocatalysts, using transition metal ions as catalyst active
centers to prepare NPMC [51,52], or using the volatility of low-boiling metals to prepare
metal-free oxygen electrocatalysts [53,54]. MOF-derived NPMC for Zn–air batteries are
introduced in this section, in which the structural characteristics of catalyst materials are
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mainly described, as well as the ORR and OER catalytic performance of the catalysts. After
that, MOF-derived metal-free catalysts for Zn–air battery are introduced.

3.1. MOF-Derived Single Metal Catalyst
3.1.1. MOF-Derived Co-Based Catalysts

MOF composed of metallic cobalt and nitrogen-containing ligands is an ideal pre-
cursor for the preparation of Co-N coordination porous carbon electrocatalysts, due to
its controllable structure, high porosity, large specific surface area, uniform dispersion of
Co and N atoms, etc. [55–57]. Zeolitic imidazole framework (ZIF) is a subclass of MOFs
materials, which has excellent flexibility and high specific surface area, are great precursors
for multifunctional materials. Ma et al. [58] reported for the first time that Co zeolite
imidazole skeleton was transformed into Co-Nx porous carbon material with ORR activity.
Mu et al. [59] used ZIFs nanocrystals with high specific surface area as precursors for the
first time, and converted them into Co-Nx/C nanorods through pyrolysis. The Co-Nx-C
nanorods have outstanding ORR and OER electrocatalytic activity and stability, which
are comparable to Pt/C and IrO2. Notably, this bifunctional electrocatalyst also confers
the Zn–air battery with excellent performance and high energy density. This provides
a feasible method for designing efficient ORR/OER electrocatalysts. A new strategy by
adding another metal with low boiling point (such as Zn, boiling point 907 ◦C) into the
precursor was adopted to improve the catalytic activity. Duan et al. [60] synthesized
novel Co-MOF,O-doped carbon material by pyrolyzing catalyst precursor containing Zn,
Co-doped glucosamine, and ZIF-8. Zn species could be evaporated and inhibited the ag-
gregation of Co atoms during pyrolysis. The prepared Co-MOF-800 not only has the same
ORR activity as commercial Pt/C, but also has amazing hydrogen evolution reaction (HER)
catalytic activity, showing great application potential in water cracking and Zn–air battery.

Hollow nanostructures are ideal materials to control the local chemical environment
of electrocatalyst reaction due to their characteristics of low density, thin shells, and high
permeability. The internal cavity of the nanoparticle catalyst not only provides an additional
three-phase interface to accelerate the reduction and evolution of O2, but also facilitates
the diffusion of aggregated reactants on the catalyst [61,62]. Liu et al. [63] obtained a
core–shell structure ZIF-8@ZIF-67 crystals by epitaxially growing ZIF-67 on prefabricated
ZIF-8 nanoparticles. The double-shell hybrid nanocage NC@Co-NGC DSNCs with Co-N
doped graphite carbon (Co-NGC) outer shell and N-doped microporous carbon (NC) inner
shell were formed after high-temperature pyrolysis and pickling (Figure 4a). The ZIF-67-
derived Co-NGC outer shell had high ORR catalytic activity with a stable structure and
excellent conductivity, while the ZIF-8-derived NC inner shell promoted diffusion kinetics
with a nanostructured hollow skeleton. The nanomaterial exhibited better electrocatalytic
performance than Pt/C and RuO2 using as a bifunction electrocatalyst for ORR/OER
(Figure 4b). The simulation reveals that the intermediate (OOH*) has strong and favorable
adsorption on the non-coordinating hollow-site C atoms relative to Co lattice, which
may be accountable for the excellent bifunctional catalytic performance of the catalyst.
Zhou et al. [64] prepared Co/CoO@NSC bifunctional electrocatalyst using Zn-MOF@Co-
MOF as a template. The composite material with the interconnected porous structure
exhibited excellent ORR/OER catalytic activity and stability. It is expected to become a
high-efficiency air electrode catalyst for Zn–air battery. The hollow nanostructures were
formed under high temperature. This hollow structure could improve the diffusion kinetics
of the catalyst during ORR/OER. So, the catalyst showed excellent ORR/OER catalytic
activity and high power density when it was used in the Zn–air battery.
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The active Co3O4 nanoparticles closely connected to the carbon skeleton can obtain
better electrochemical performance due to the advantages of high conductivity, excellent
dispersibility, and rich porous structure [65]. The pyrolysis of ZIF-67 is a facile and effective
strategy to obtain porous Co3O4 nanoparticles [65,66]. Rich oxygen vacancies and tetra-
hedral Co2+ can be found in these Co3O4 nanoparticles. Because of the synergistic effect
between CoOx species and nitrogen-doped carbon, this kind of catalyst exhibit excellent
ORR/OER performance and good cycling performance in Zn–air battery. It provided a new
way to prepare highly dispersed transition metal/metal oxide nanoparticles with multi-
level structure, which improves a simple strategy for the development of high-performance
non-noble metal bifunctional catalysts. Carbon (2.55) has a similar electronegativity to gold
(2.54) and has good electrical conductivity. Combining carbon materials with MOFs is an
effective way to improve the electrical conductivity of MOF-derived catalysts. Benzimida-
zole is an aromatic precursor, which has been proved to effectively produce graphite carbon
with higher catalytic activity [67,68]. Zeolite imidazole framework-9 (ZIF-9) is a sodalite
topology structure with hexagonal symmetry constructed by co-angular tetrahedral CoN4
units, in which the coordination bond between Co2+ and benzimidazole (PhIm) anion is
the most stable N coordination ligands [69]. Li et al. [70] prepared ZIF-9-derived catalysts
by introducing MWCNTs to overcome the poor electronic conductivity of the catalysts. The
prepared hybrid product Co3O4@C-MWCNTs showed excellent OER/ORR bifunctional
catalytic activity since the uniform distribution of Co3O4 nanoparticles, high nitrogen
doping amount, large specific surface area, and clear mesoporous structure in catalysts.

The single atom catalyst (SAC) is a supported catalyst in which the metal is on a solid
support in the form of a single atom. In traditional supported catalysts, only a few metal-
active components play a role in the catalytic process. In order to improve the catalytic
activity, only the loading of noble metals can be increased, which is too costly and is not
conducive to large-scale utilization. Porous Co-N-C materials can be prepared by pyrolysis
of MOF precursors at high temperature and the Co-Nx active center can be formed directly
from the original Co-N coordination bond. However, severe agglomeration of Co atoms in
the catalyst during high-temperature pyrolysis affects the formation of Co-Nx active sites
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and reduces the activity of the catalyst. Zang et al. [71] reported a Co single-atom catalyst
in a nitrogen-doped porous carbon nanosheet array prepared by simple carbonization and
acid leaching with MOF material as the precursor Co-Nx coordination and Co aggregates
(Co-Co coordination) were formed during high-temperature carbonization (Figure 5a). A
large number of Co clusters were dissolved and part of the Co-Co bonds were broken while
Co single atoms coordinated with N were retained in the N-doped carbon flakes after acid
washing (Figure 5b–d). The results of HAADF-STEM coupled with EELS showed that the
coexistence of Co and N in the form of Co-Nx. The Co single-atom catalyst exhibited high
ORR and OER performance.
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In conclusion, Co-based catalysts can be obtained by direct pyrolysis of Co-MOF, Co-
doped ZIF materials, and ZIF-8@ZIF-67 core–shell materials. The catalytic performance of
Co-based catalysts can also be improved by designing single-atom catalysts and carbon ma-
terials composites. The Co-N4 appears to be the active center of Co-based catalysts [72,73].
Because the adsorption energy of O2 on CoN4 is low, the ORR could proceed with 2e−

pathway. Thus, Xing and co-workers [74] proposed that Co2N5 active sites are active
for the ORR. They considered that the Co-N path located at 2.12 Å in Co K-edge spectra
corresponds to the structure of the bimetallic atom (Co2Nx). The density functional theory
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(DFT) calculations revealed that the novel binuclear site exhibits considerably reduced ther-
modynamic energy barrier towards the ORR when compared to CoN4, thus contributing
to enhanced intrinsic activity.

3.1.2. MOF-Derived Fe-Based Catalysts

Fe-N-C catalysts have the highest ORR activity among M-N-C (M = transition metal) [75–77].
However, there are few reports on the direct pyrolysis of Fe-MOF materials for oxygen redox
reaction. Lefèvre and his colleagues [45,46,78,79] prepared Fe-N-C catalyst by ball milling of
carbon supports mixed with iron salts showed excellent ORR activity, the iron-based catalyst
prepared by ZIF-8 as support has the same catalytic potential as the Pt-based catalyst, which
is of great significance for the preparation of ZIFs-derived NPMC. Lai et al. [80] reported a
Fe-N/C electrocatalyst with controllable structure obtained by pyrolysis and acid leaching
using Fe-mIm nanoclusters(NCs)(guest)@zeolite imidazole frame-8 (ZIF-8)(host) as catalyst
precursor (Figure 6a). A 2–5 coordinated Fe-Nx structure was formed during pyrolysis
with different Fe-mIm contents in ZIF precursors (Figure 6b). Electrochemical tests and
DFT calculations showed that the five-coordinated Fe-Nx center significantly improved the
catalytic activity and selectivity for ORR in acidic medium, by reducing the reaction energy
barrier and the adsorption energy of the intermediate OH. This synthesis strategy provides
an effective way to construct the Fe-Nx active center with clear structure, and makes it
possible to further reveal the relationship between catalysts structure and electrocatalytic
performance. M-N4 structures widely existing in many metal macrocycles such as metal
phthalocyanine (MPc) and metalloporphyrin (MP) have been proved to be helpful for
ORR [81–83]. Cheng et al. [84] synthesized iron-polyphthoalocyanine FePPc MOFs on
carbon black matrix (FePPc@CB) by melt polymerization strategy. FePPc molecules can
be adsorbed on the carbon matrix to promote the electron transfer process and stabilize
the catalytic system through strong non-covalent π-π interactions. FePPc@CB exhibited
excellent ORR/OER activities as bifunctional electrocatalyst, owing to the abundant free
electrons and M-N4 catalytic centers on atoms in the macrocyclic structure of FePPc@CB.
The carbon matrix with high electrical conductivity allows efficient electron transportation
during the electrochemical ORR process, which is beneficial to enhance the intrinsic activity
of the catalyst. The M-N4 provided by this metallo-macrocyclic molecule has abundant
active centers. Consequently, this work will open new avenues to design M-N4 materials
with good atomic dispersion and efficient catalytic performance.

Because of the uneven distribution of Fe species in the precursor, heterogeneous struc-
tures and metal nanoparticles (NPs) were obtained by annealing Fe-doped MOF-derived
catalysts [85,86]. The active metal NPs are covered by a thick carbon layer and hinder the
catalytic process. Thus, it is necessary to find an efficient way to prepare catalysts with uni-
form Fe distribution. Besides, the carbon materials such as CNTs and graphene show high
specific surface area and good electrical conductivity. So, building MOFs/carbon materials
composite is an effective way to improve catalytic performance [87,88]. Zhao et al. [89]
reported a Fe3C@NCNT/NPC with a hybrid structure of Fe3C nanorods encapsulated N-
doped CNT grown on porous carbon sheet by simply annealing a Fe-based MOF (MIL-88B)
loaded with melamine. Fe3C@NCNT/NPC exhibited excellent ORR/OER performance
due to the high porosity and high electrical conductivity in NCNT/NPC hybrid material
and high density of Fe-N active in catalyst. This work provides a new strategy for in-situ
construction of metal carbide nanorods encapsulated N-doped carbon nanotubes with
different types of carbon, and a feasible route for the design of multifunctional NPMC.
Xiong et al. [51] prepared iron-nitrogen co-doped porous carbon (Fe-N-HPC) by pyrolysis
of MWCNTs@PDA@Zn-Fe-ZIF (Figure 7a). ZIF containing aromatic imidazole ligands
are rich in nitrogen and carbon. Multi-walled carbon nanotubes (MWCNTs) are excellent
graphite carbon conductive skeleton materials. Polydopamine (PDA) serves as a linker
and nitrogen source. The surface of MWCNTs@PDA is wrapped by rhombic dodecahe-
dral polyhedral Zn-Fe-ZIF crystals with a diameter of 70 nm (Figure 7b,c). Zn-Fe-ZIF is
obtained by using ZIF-8 molecular sieve as raw material and performing step-by-step
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ion replacement with Zn and Fe. The formation of porous carbon sheets generates larger
specific surface area and efficient active centers (Figure 7d,e), which is more favorable for
the electrocatalytic performance of ORR and OER. The as-prepared Fe-N-HPC catalyst
combines the advantages of ZIFs (tunablity of structures and functions, larger specific
surface area, higher porosity) and MWCNTs (good electrical conductivity), with efficient
oxygen electrocatalytic performance, long-term stability, and excellent methanol resistance.
In conclusion, MOF/CNT composites with efficient electrocatalytic performance were
prepared. This provides a feasible way to prepare promising electrocatalysts.
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3.1.3. MOF-Derived Other Catalysts

Among M-N-C catalysts, although Fe-N-C catalysts have outstanding activity, the
catalyst still faces great challenge—the severe Fenton effect, that is, the reaction of dissolved
Fe2+ with the hydrogen peroxide generated by the ORR process will generate free radicals,
which free radicals can lead to a decrease in catalyst stability [90]. The research shows
that the active site Mn-Nx formed by Mn salt in acid is relatively stable, and the Fenton
effect is one thousandth of that of Fe, which is negligible. In 2018, Li et al. [91] prepared an
atomically dispersed Mn-N-C catalyst for the first time by two-step doping and adsorp-
tion (Figure 8a). In acidic medium, the half-wave potential (0.80 V vs. RHE) of Mn-N-C
catalyst is close to that of Fe-N-C catalyst, and has outstanding ORR stability (Figure 8b–d).
Computational analysis indicated that the MnN4 structure might exist in the catalyst and
was considered to be an active site favorable for ORR. This work provides a new idea
for the development of durable and highly active Fe-free non-precious metal catalysts.
Han et al. [92] prepared a Mn-SAS catalyst (Mn-SAS/CN) with Mn-N4 structure by thermal
activation strategy. The test results show that MnL+-N4 is the active center in the ORR
process, and the atomically dispersed MnL+-N4 sites can facilitate the transfer of electrons
to *OH species. Mn-SAS catalysts exhibit high power density and excellent durability when
assembled into a Zn–air battery. This provides a promising choice for the design of non-Fe
single-atom catalysts, and also provides ideas for further understanding the ORR active
center of Mn-Nx catalysts. Mn ions in manganese oxides exist in mixed valences, which
can promote electrolyte diffusion and electron transfer during ORR process [93]. Najam
et al. [94] prepared a structurally interesting Mn3O4@NCP catalyst by directional growth
of manganese oxide (Mn3O4) quasi-nanocubes on nitrogen-doped mesoporous carbon
polyhedron formed by zeolitic imidazole framework (ZIF-8). In this novel hybrid structure,
NCP provides high specific surface area and porous structure, which improves the elec-
tronic conductivity of Mn3O4@NCP, and Mn3O4 plays the role of improving the catalytic
active center. Further studies show that Mn3O4@NCP exhibits 4e ORR mechanism, less
production of hydrogen peroxide, strong methanol tolerance, and stability. This method
for the synthesis of mesoporous carbon is called nanoengineering directed growth (NEDG)
method, which can be used for surface/interface modification, and also for the synthesis of
new nanomaterials for energy conversion and storage. Introducing the conductive material
graphene into the MOF can improve the conductivity of the catalyst [87]. Wahab et al. [95]
utilize GO template assist synthesis of MnBDC MOF@rGO nanocomposites with different
GO contents. GO is reduced to rGO by continuous thermal reduction, and strong coor-
dination solvent molecules that may reduce the quality of the catalyst are removed to
activate the nanocomposites. The template directed growth, tunable porosity, and novel
structure enable the MnBDC@75% rGO catalyst to exhibit excellent ORR/OER bifunctional
catalytic activity, and its ORR activity is comparable to that of commercial Pt/C catalysts.
Nanocomposites synthesized by this method can contain desired structural features such
as mesoporous surfaces, controllable growth, and tunable functionality.

Compared with Fe-N4, Co-N4, and Mn-N4, the Cu-N4 coordination configuration has
smaller oxygen molecule adsorption energy, resulting in insufficient ORR activity [96]. This
may be because the unique molecular structure of Cu-N4 provides less d-orbitals and more
steric hindrance for binding oxygen molecules [97,98]. However, the in-depth study of
Cu-N-C catalysts is of great significance to understanding the electrocatalytic mechanism
of M-N-C catalysts. Lai et al. [99] successfully prepared a new type of Cu-N/C ORR
electrocatalyst by using metal doping-induced synthesis strategy to control the doping
of Cu2+ in situ in ZIF-8. The obtained Cu-N/C catalyst can maintain the polyhedron
morphology of ZIF-8 (Figure 9A–C), with high specific surface area (1182 m2 g−1), refined
hierarchical pore structure and high surface nitrogen content (11.05 at%). After acid
leaching and pyrolysis, the catalyst can still maintain the original polyhedron morphology
(Figure 9D–H). The optimized 25% Cu-N/C catalyst possesses a high ORR activity and
stability in 0.1 M KOH solution, as well as excellent performance in a Zn–air battery
(Figure 9I–L). The metal doping induced synthesis strategy of MOF shows significant
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advantages in adjusting the metal hybrid structure, and this work also provides a new idea
for the preparation of MOF material derived M-N-C catalyst.
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recharging” the Zn–air battery with 25% Cu-N/C as cathode catalyst at 5 mA cm−2 by replenishing
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In this section, MOF-derived single NPMCs are introduced (Table 1), which provide a
feasible idea for the preparation of catalysts with ORR/OER bifunctional catalytic activity.
Defining the accurate active site will facilitate optimal the framework of M-N-C catalysts.
The unstable structure of the M-N-C catalyst leads to insufficient stability. Here, we list some
countermeasures: the utilization rate of catalyst active sites can be improved by preparing
single-atom catalysts and using the strategy of low boiling point metal replacement; the
conductivity of the catalyst can be improved by introducing conductive materials; through
pyrolysis and acid leaching treatment, excess metal species, and strong coordination,
solvent molecules that may reduce the activity of the catalyst can be removed, so as to
prevent the aggregation of metal species and activate the catalyst; using the similarity
between the two ZIF materials, the core–shell materials with novel structure are prepared,
which provides a new way for the design of ORR/OER bifunctional NPMC; and the hollow
structure can improve the stability of the catalyst. Most importantly, this section reviews
the preparation methods and processing methods of MOF-derived M-N-C (M = Co, Fe, Mn,
Cu) bifunctional catalysts, and further studies and improves the ORR/OER bifunctional
catalytic performance of M-N-C catalysts, which is conducive to a more extensive and
in-depth understanding of the point catalysis mechanism of the TM-N-C system.

Table 1. Summary of ORR/OER performance of MOF-based non-precious metal catalysts.

Catalyst Electrolyte
ORR OER

∆E = Ej=10 − E1/2 Ref.E(onset) V vs.
RHE

E(1/2) V vs.
RHE

E(overpotential)
at 10 mA cm−2

Co-Nx/C 0.1 M KOH \ 0.877 V 300 mV 0.653 V [59]
Co-MOF-800 0.1 M KOH \ 0.84 V 520 mV 0.84 V [60]

NC@Co-NGC DSNC 0.1 M KOH 0.92 V 0.82 V 410 mV 0.82 V [63]
Co3O4/HNCP-40 0.1 M KOH \ 0.845 V 350 mV 0.729 V [65]

Co/CoO@NSC 0.1 M KOH 0.895 V 0.779 V 380 mV 0.775 V [71]
NC-Co SA 0.1 M KOH 1.00 V 0.87 V 360 mV 0.72 V [72]
FePPc@CB 0.1 M KOH \ 0.908 V 358 mV 0.68 V [85]

Fe3C@NCNT/NPC 0.1 M KOH 1.0 V 0.9 V 270 mV \ [88]
Fe-N-HPC-900 0.1 M KOH 1.004 V 0.886 V 520 mV 0.81 V [51]

MnBDC@75% rGO 0.1 M KOH 1.09 V 0.94 V 610 mV 0.90 V [95]

3.2. MOF-Derived Bimetallic Catalyst

Compared with single metal NPs, bimetallic alloy NPs have higher catalytic efficiency
due to the strong synergy between different kinds of metals. Bimetallic NPMC such
as Cu, Mo, Mn, Fe, Ni, W, Zn, Cr, and Co are frequently used as NPMC [33,100–104].
Incorporating another metal to transition metal catalysts is considered to be an effective
method to improve their catalytic activity [105,106]. However, there are still great difficulties
to obtain high-performance bimetallic catalysts. On one hand, simple mixing of the metal
precursors may cause a multiphase structure. On the other hand, the limited active sites in
bimetallic catalysts are mainly caused by the sintering and agglomeration during the metal
deposition process. MOFs, as precursors of bimetallic NPs, help to solve these problems
due to their elemental advantages. Here, the synthesis methods, structural characteristics,
and applications in Zn–air battery of MOF-derived bimetallic catalysts, such as FeCo, FeNi,
and CoNi, are briefly introduced.

3.2.1. MOF-Derived Iron-Containing Bimetallic Catalysts

Bimetallic doping ZIF-8 is a feasible method to prepare bimetallic catalysts as the
zinc ions in ZIF-8 can be partially evaporated and replaced by other transition metals.
Li et al. [107] prepared a layered porous structure composed of nanotubes, nano-blocks, and
encapsulated FeCo alloy NPs with the high specific surface area through the hybridization
of Fe (II) doped ZIF-8 (Fe-ZIF) and cobalt acetylacetonate (Co(acac)3) (Figure 10a), which
greatly promoted mass transfer and electron transfer. The FeCo-NC-850 catalyst shows
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excellent ORR activity and stability in alkaline medium (Figure 10b–e), due to the high
specific surface area, the synergistic effect of the FeCo alloy, and the unique structure of the
bimetallic-N active center, which is a promising bifunctional oxygen catalyst. Fe-doped
ZIF-67 is a feasible strategy for MOF-derived FeCo bimetallic catalysts. Zhang et al. [52]
prepared Fe-Phth-CMP@ZIF-67 composites with Fe-phthalocyanine based conjugated
microporous polymer (Fe-Phth-CMP)-coated metal–organic framework ZIF-67 by MOF
template-assisted method (Figure 11a). The composite has controllable morphology and an
adjustable Fe/Co molar ratio. After carbonization, it can be further converted into N-doped
porous carbon (PmZn-900) with adjustable N content and embedded in highly dispersed
FeCo alloy and Fe/Co-N active center. The optimized catalyst (P2Z3-900) has a hierarchical
pore structure (Figure 11b–d), which can significantly improve the mass transfer efficiency,
increase the exposure of active sites, and exhibit excellent ORR/OER bifunctional catalytic
activity under alkaline conditions. The current strategy provides a feasible method for
the preparation of porous carbon with controllable structural morphology and elemental
composition, so as to adjust the catalyst performance to achieve efficient catalysis.
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Figure 10. (a) Schematic illustration for the synthesis of FeCo-NC-850; (b) the overall LSV curves of
FeCo-NC-850, Fe-NC-850, RuO2, and Pt/C at 1600 rpm in 0.1 M KOH. LSV curves of (c) FeCo-NC-850
and (d) Pt/C before and after 5000 cycles; (e) The i–t chronoamperometric response of FeCo-NC-850
and Pt/C with addition of 2 M methanol. All the catalysts were measured in 0.1 M KOH solution.
Copyright 2019 Elsevier B.V. Allrightsreserve [107].

ZIF-8 has high specific surface area and high N content. ZIF-67 has a high degree of
graphitization and abundant Co-N-C active sites. ZIF-8/ZIF-67 combines the advantages
of the two ZIF materials (high specific surface area, high nitrogen content, etc.), and the
strong coupling between the two ZIF materials also improves the stability of the catalyst.
The FeCo bimetallic catalyst prepared by Fe-doped ZIF-8/ZIF-67 has more active sites and
higher stability by the substitution of low-boiling metals. Thence, Luo et al. [108] atomically
dispersed Fe and Co doped 3D nitrogen-doped carbon sheets (A-FeCo@NCNs) were
prepared by facile and effective approach with a modified zeolite imidazole framework
(SiO2@Fe-ZIF-8/67). A-FeCo@NCNs catalyst exhibits bifunctional catalytic performance
superior to commercial Pt/C and IrO2 catalysts because of its high specific surface area
(809.23 m2 g−1), tunable microporous structure, abundant bimetallic monatomic active
centers (FeN4, CoN4, and N4Fe-CoN4), and synergistic coupling between metals. Zn–air
battery with A-FeCo@NCNs as air cathode has high power density and specific capacity.
Duan et al. [109] prepared a novel layered Fe,Co@N-C bifunctional oxygen electrocatalyst
(FeCo-N-C-T) using Fe3+ and glucosamine-coated ZIF-8/67 as supports (Figure 12a). The
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test results show that FeCo-N-C-700 is a highly active bifunctional electrocatalyst with
better ORR and OER activities than commercial Pt/C and RuO2 catalysts, respectively
(Figure 12b). The smaller polarization indicated better performance at high current density
for the FeCo-N-C-700-based ZABs than the corresponding battery based on an air-cathode
made from Pt/C + RuO2 as a bifunctional catalyst for ORR and OER (Figure 11c). FeCo-N-C-
700-based rechargeable battery showed excellent performance and stability (Figure 12d,e).
DFT simulation show that Fe and Co in FeCo bimetallic catalysts affect the electronic
structure, which has a synergistic effect on improving catalytic activity. Considering
the weak electron transport ability of MOF-derived carbon materials, Fang et al. [110]
mixed reduced graphene oxide (rGO) with MOF-derived nitrogen-doped CoCx/FeCo@C
core–shell structure. The special heterojunction structure formed by the interconnection
of the core–shell CoCx/FeCo@C and rGO sheets provides a large specific surface area
and stable active sites for ORR and OER. N-doped CoCx/FeCo@C/rGO catalyst shows
excellent bifunctional catalytic performance. This depends on several things: (i) Atomically
dispersed Fe and Co can provide more active sites. (ii) Rich N doping can modulate the
electronic structure. (iii) The core–shell structure can increase the number of accessible
active sites.
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Currently, most of the MOF-derived Fe-containing bimetallic catalysts focused on
FeCo bifunctional electrocatalyst. Other Fe-containing bimetallic ORR/OER catalysts
are mainly supported by carbon materials such as graphene, carbon nanotubes, and g-
C3N4, such as FeMn-based bifunctional electrocatalyst [111–113], FeNi-based bifunctional
electrocatalyst [114–118], and FeCu-based bifunctional electrocatalyst [119]. There are few
reports on other Fe-containing bimetallic catalysts derived from MOF for ORR/OER.

The carbon matrix derived from Zn-ZIF has rich N doping content and uniform
porosity. Yao et al. [120] embedded Fe, Ni-based nanoparticles into the N-doped carbon
sheets prepared by Zn-ZIF using low boiling point metal replacement. The prepared FeNi-
NCS-2 catalyst has a large specific surface area, a hierarchical sheet-like porous structure,
and a large number of transport channels provided by carbon nanotubes. The Zn–air
battery with FeNi-NCS-2 as the air cathode shows large open-circuit voltage, high power
density, and excellent cycling stability. This work may drive a new insight to design
efficient bifunctional electrocatalysts through an economic and environmental way for high
performance rechargeable Zn–air battery. Wu et al. [121] prepared FeNi alloy catalysts
encapsulated within N-doped carbon (FeNi@NCNT) by carbonizing Fe-doped ZIF-8 coated
with PDA/Ni2+ complex. It is worth noting that a certain proportion of Fe/Ni can catalyze
the growth of one-dimensional bamboo-like carbon nanotubes, forming a conductive
network to facilitate the species transport during ORR/OER. The composite exhibits
excellent stability and high ORR/OER activity under alkaline conditions, providing a new
perspective for exploring advanced iron-containing bimetallic catalysts. A MOF-derived
FeNi co-doped catalyst (B-FeNi-N/C-1000) was synthesized by Cui et al. [122] using a
binary coordination strategy. B-FeNi-N/C-1000 has bifunctional catalytic performance due
to its large specific surface area, high pyridine N and graphitic N content, and suitable
hierarchical pore structure, its ORR performance is superior to that of Pt/C, and OER
performance is superior to that of IrO2/C. Moreover, the practical application in a Zn–air
battery is also better than that of Pt/C + IrO2/C. This strategy can be further applied to the
synthesis of catalysts with appropriate hierarchical pore structure, which can effectively
catalyze ORR and OER.
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In conclusion, the Fe-containing bimetallic catalyst derived from MOF has a hierar-
chical porous structure and abundant active sites, showing better bifunctional catalytic
performance than Pt/C + RuO2, which may be due to the synergistic coupling between
bimetallic materials, the unique structural advantages of MOF materials (rich N content,
adjustable pore structure, large specific surface area) and novel synthesis strategies. Design-
ing Fe-containing bimetallic ORR/OER catalysts is a feasible way to replace Pt/C + RuO2
catalysts. In this subsection, novel synthesis methods and processing methods for MOF-
derived Fe-containing bimetallic catalysts are reviewed, which bring new hope for the
development of transition metal catalysts to replace noble metal catalysts.

3.2.2. MOF-Derived Non-Iron Bimetallic Catalysts

MOF-derived Fe-containing bimetallic catalysts have excellent activity. However,
Fe-doped carbon-based catalysts show poor stability in the practical battery because of
serious Fenton effect. Therefore, it is necessary to study non-Fe bimetallic catalysts.

Ultra-thin MOF two-dimensional nanosheets (UMOFNs) with nano-thickness can
allow rapid mass transfer and excellent electron transfer, large catalytic surface, and coordi-
nation of unsaturated metal sites to ensure high catalytic activity; it has a unique surface
atomic structure that is easy to identify and adjust [123]. Therefore, Huang et al. [124]
developed a NiCo-MOF oxygen electrocatalyst supported on nickel foam by the growth–
pyrolysis–regrowth strategy, which has a good two-dimensional MOF/MOF derivative
coupling array and high ORR/OER bifunctional electrocatalyst activity. In addition to
ultra-thin two-dimensional nanosheets, researchers also hybridize or composite MOFs
materials with conductive carriers, such as reduced graphene oxide (rGO) and CNTs [125].
Zheng et al. [126] reported the synthesis of bimetallic CoNi-MOF nanosheet/reduced
graphene oxide (rGO) hybrid electrocatalyst. With the assistance of surfactants, CoNi-
MOF nanosheets were grown in situ on rGO (Figure 13a). CoNi-MOF/rGO has a fine
synergistic effect and more exposed active sites, and exhibits excellent bifunctional catalytic
activity and high durability in alkaline electrolyte (Figure 13b,c). Zn–air battery with
CoNi-MOF/rGO as air cathode has high peak power density and energy density, and ex-
cellent stability (Figure 13d,e). Through epitaxial growth of Co-MOF on nickel complexes,
Li et al. [127] formed Co/Ni atomic double sites in N-doped porous carbon Janus skeleton.
The synthesized Co/Ni-N-C catalyst has two different topological structures, forming a
large number of uniform Co/Ni atomic centers, which is conducive to the improvement of
electrocatalytic performance. DFT proved that the presence of an Ni-N bond improved the
electronic activity of N atom, which was the main reason for the improvement of the bi-
functional catalytic performance of the catalyst ORR/OER. This work opens up a new way
for the development of efficient multiatomic Janus electrocatalysts for energy conversion.

At present, the research on non-Fe bimetallic catalysts derived from MOF has only
just begun. Most CoMn [128–131] and CoNi-based catalysts [132–135] are still supported
by carbon materials such as graphene and carbon nanosheets. Considering the unique
structure and abundant composition of MOF materials, designing MOF-derived non-
Fe bimetallic catalysts is a feasible strategy for the development of NPMC, which will
accelerate the process of replacing noble metal oxygen electrocatalysts with NPMC. Table 2
briefly summarizes the ORR/OER performance of MOF-based bimetallic catalysts.
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(CoNi-MOF/rGO, CoNi-MOF, Co-MOF, Ni-MOF and Ir/C or Pt/C electrocatalyst); (d) 
Corresponding power densities of CoNi-MOF/rGO- and Pt@Ir/C-based Zn–air batteries; (e) 
Corresponding specific capacity and open-circuit plot (inset) of CoNi-MOF/rGO- and 
Pt@Ir/C-based Zn–air batteries, normalized by the consumed weight of zinc. Copyright 2019 
American Chemical Society [126]. 
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curves in N2-saturated 1.0 M KOH and (c) O2-saturated ORR polarization curves in 0.1 M KOH (CoNi-
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Table 2. Summary of ORR/OER performance of MOF-based bimetallic catalysts.

Catalyst Electrolyte
ORR OER

BET Specific
Surface Area RefE(onset) V vs.

RHE
E(1/2) V vs.

RHE
E(overpotential)

at 10 mA cm−2 Tafel Slope

FeCo-NC-850 0.1 M KOH 0.997 V 0.864 V 445 mV 117 mV dec−1 553 m2 g−1 [107]
P2Z3-900 0.1 M KOH 0.950 V 0.807 V 370 mV 57 mV dec−1 153.22 m2 g−1 [52]

A-FeCoO@NCNs 0.1 M KOH 1.03 V 0.87 V 440 mV 80 mV dec−1 809.83 m2 g−1 [108]
FeCo-N-C-700 0.1 M KOH 0.013 V 0.896 V 370 mV 72 mV dec−1 332 m2 g−1 [109]

CoCx/FeCo@C 0.1 M KOH 1.018 V 0.965 V 390 mV 77.1 mV dec−1 \ [110]
B-FeNi-N/C-1000 0.1 M KOH \ 0.9 V 390 mV 283 mV dec−1 832.7 [120]
1.5FeNi@NCNT 0.1 M KOH 0.95 V 0.86 V 230 mV 55 mV dec−1 870.99 m2 g−1 [121]

FeNi-NCS-2 0.1 M KOH \ 0.867 V 395 mV 82.3 mV dec−1 454.77 m2 g−1 [122]
R-NCM 1 M KOH 0.90 V \ 319 mV 78.2 mV dec−1 \ [124]

CoN-MOF/rGO 1 M KOH 0.88 V \ 318 mV 48 mV dec−1 \ [126]
CoPNi-N/C 0.1 M KOH 0.93 V 0.84 V 310 mV 72 mV dec−1 446.8 m2 g−1 [127]

4. MOF-Derived Non-Metallic Catalysts

N, B, P, S, and other heteroatoms doped carbon materials can effectively change their
electronic properties, and generate catalytic active sites by inducing charge and spin density
on the carbon atoms near the dopant [136–139]. N atom has the characteristics of high
electronegativity, oxidation stability, and similar size to C atom, which is the most widely
studied doped atom among all heteroatoms. N-doped carbon material has been proved
to be an effective metal-free electrocatalyst [140,141]. Theoretical simulation [142] and
experimental results [143] show that the excellent catalytic activity of NC material for
ORR stems from the substitution of C atoms by N atoms in carbon matrix sp2 lattice,
which destroys the electrical neutrality of adjacent C atoms and produces a positive charge
potential conducive to O2 adsorption or cracking. Therefore, the type and content of doped
N are crucial for the electrocatalysis reaction. In addition, the catalytic performance of NC
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materials is also strongly dependent on the specific surface area and porosity of the carbon
matrix [144,145]. MOF has a variety of available metal centers, abundant heteroatom-doped
organic ligands and porous structures, and the preparation of porous metal-free nitrogen-
doped carbon catalysts from MOF materials have been widely studied. Qian et al. [146]
prepared a B-N double-doped metal-free porous carbon material for the first time by
pyrolysis of Zn-MOF (MC-BIF-1S) in a mixed H2-Ar atmosphere. In the crystalline MOF
precursor, N and B are uniformly distributed on the carbon material, and pyrolysis in
a hydrogen-containing atmosphere can greatly increase the specific surface area of the
carbon material. The high porosity of these carbon materials and the introduction of N
and B can effectively improve their ORR/OER performance. Li et al. [147] treated ZIF-8
with butyl methylphosphonate to obtain highly branched N,P co-doped carbon nanotube
clusters (NPCTCs) (Figure 14a). NPCTC-850 has better bifunctional catalytic performance
(Figure 14b), better ORR performance than Pt/C, and better OER performance than IrO2,
because the ultrathin structure is conducive to the full utilization of the catalytic active
centers inside and outside the carbon nanotube cluster (Figure 14c–h), the nanotube cluster
itself has excellent bifunctional catalytic activity, and N,P co-doping enhances the activity
of nanotube clusters. The Zn–air battery based on the NPCTC-850 air cathode exhibits a
peak power density of 74 mW cm−2 and an energy density of 896 Wh kgZn

−1, and has
good charge–discharge cyclability. This work demonstrates that chemical modification
can improve the electrochemical activity and mechanical strength of carbon materials,
providing a facile strategy for MOF-derived metal-free catalysts.
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Figure 14. (a) Illustration of the preparation of NPCTC; (b) LSV curves of different catalysts for both
ORR and OER at 1600 rpm in the whole ORR/OER region in O2-saturated 0.1 M KOH solution;
(c–f) Typical SEM images of NPCTC-850; The inset in d shows the hexagon structural of single
hollow carbon nanotube. (g,h) TEM images of NPCTC-850. Copyright 2018 Elsevier Ltd. All rights
reserved [147].

Graphene oxide (GO) is the oxidative graphite, which is dispersed and can be used
as the precursor of graphene after chemical thermal reduction [148]. GO films have ex-
cellent solubility and openness, and the surface is rich in oxygen-rich functional groups
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(such as -OH and -COOH). Functionalized graphene can be used as a structural guidance
template to affect the crystal growth of MOF [87,148,149]. The conductivity and high
specific surface area of graphene can give MOF new properties. The results show that
ZIF nanocrystals can be controllably grown in situ on the GO surface to form a sandwich-
like structure ZIFs@GO composite [150–152]. After high-temperature pyrolysis, N-doped
porous carbon@graphene composite can be obtained. Liu et al. [54] obtained zeolite imi-
dazole framework (ZIF-8)@graphene oxide composite (ZIF-8@GO) by in-situ controllable
growth of ZIF-8 nanocrystals on both sides of GO sheets. A sandwich structure of nitrogen-
containing porous carbon@graphene (N-PC@G) composite was prepared by pyrolysis,
and the zinc was etched (Figure 15a). The prepared N-PC@G-0.02 catalyst (with a GO
content of 0.02 g in the reaction precursor) exhibits comparable ORR/OER bifunctional
catalytic performance (Figure 15c,d). It could be attributed to synergistic effect between
the N-doped porous carbon and N-doped graphene producing more catalytically active
centers, while the high specific surface area facilitates the exposure of catalytically active
centers, the porous structure (mesoporous and micropores) (Figure 15b) improves the mass
transfer performance, and the high graphite and the degree of chemistry favor electron
transfer. This provides an ideal strategy for designing sandwiched nitrogen-containing
porous carbon@graphene hybrid materials with large specific surface areas and excellent
electron transfer performance as high-performance ORR/OER bifunctional electrocatalyst.
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Figure 15. (a) Schematic illustration of a synthetic process of sandwich-like structured N-doped
porous carbon@graphene (N-PC@G); (b) N2 sorption–desorption isotherm of the N-PC@G-0.02
sample; the inset of the corresponding pore-size distribution; (c) LSV curves of ZIF-8 derived carbon
and commercial Pt/C catalysts in O2-saturated 0.1 M KOH solution at a scan rate of 10 mV s−1 and a
rotating rate of 1600 rpm; (d) OER polarization currents of ZIF-8 derived carbon, RuO2 and Pt/C
electrodes in 0.1 M KOH solution at a scan rate of 10 mV s−1. Copyright 2016 Elsevier Ltd. All rights
reserved [54].

The above strategies of heteroatom doping carbon materials and ZIF composite
graphene oxide are feasible ways to prepare metal-free bifunctional electrocatalyst. At
present, there are a few reports on MOF-derived metal-free bifunctional electrocatalyst
(Table 3). Considering the structural advantages and rich composition of MOF materials, it
is very important to design MOF-derived metal-free ORR/OER bifunctional electrocata-
lyst by using the volatility of low boiling point metals. This provides a new way for the
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development of metal-free catalysts and a new idea for the preparation of bifunctional
electrocatalyst with ORR/OER performance.

Table 3. Summary of ORR/OER performance of MOF-based metal-free catalysts.

Catalyst Electrolyte
ORR OER

BET Specific
Surface Area

∆E = Ej=10 − E1/2 Ref.E(onset) V vs.
RHE

E(1/2) V vs.
RHE

E(j=10 mA cm
−2

)
V vs. RHE

BNPC-1100 0.1 M KOH 0.894 V 0.793 V 1.38 V 1348 m2 g−1 0.587 V [146]
NPCTC-850 0.1 M KOH 0.92 V 0.83 V 1.74 V 912 m2 g−1 0.90 V [147]

N-PC@G-0.02 0.1 M KOH 1.01 V 0.80 V 1.63 V 1094.03 m2 g−1 0.83 V [54]

5. Summary and Prospect

The energy problem is becoming more and more serious. Zn–air battery, as a kind of
electrochemical energy conversion and storage device with rich resources and low price,
has been widely studied in recent years. However, its large-scale application is still limited
by the slow kinetics of ORR and OER in the air cathode during discharge and charge
processes. Noble metal catalysts for air cathodes, such as Pt/C catalysts, RuO2 and IrO2,
are single function catalysts with scarce resources, high prices, and poor stability. For the
improved performance and durability of Zn–air battery, the exploration of efficient oxygen
electrocatalysts is urgent and meaningful. This paper reviewed the research progress of
transition metal electrocatalysts and metal-free electrocatalysts derived from porous organic
crystal materials—MOFs.

The original MOFs can be used as electrocatalysts for oxygen redox reaction with poor
catalytic due to their low conductivity which hinders the electron transfer in the system. In
addition, the original MOFs have poor stability because their porous crystal structure is easy
to collapse in acidic or alkaline solutions. However, the unique structural characteristics
of MOFs provide advantages for the design of electrocatalysts as the most promising
electrocatalysts precursor: metal ions are connected and separated by organic ligands,
and multiple metal cations can be introduced by selecting organic ligands, providing
more active sites for catalyst. MOFs derivatives usually retain the morphology of MOF
precursors and have a high porous structure, providing abundant active surfaces for
oxygen electrocatalytic reaction (ORR/OER). MOFs-derived NPMC are considered as one
of the most promising candidates to replace platinum-based catalysts due to their low cost,
abundant resources, and tunable catalytic activity.

The following strategies are proposed to improve the activity: (i) Combining MOFs
materials with carbon materials such as CNTs, graphene, etc., can effectively solve the
problems of poor conductivity of catalysts and agglomeration of metal ions. (ii) Doping
MOFs materials with transition metal ions can provide more active sites for catalysts.
(iii) Designing catalysts with hollow structure, and core–shell structure can improve the
mass transfer and expose more active sites. (iv) Designing single-atom catalysts or using
template-assisted growth methods are also effective ways to increase active sites. (v) MOFs-
derived metal-free nitrogen-carbon (NC) materials with large specific surface areas and
high electrical conductivity can provide more charge transport channels. Doping MOFs-
derived metal-free NC materials with heteroatoms (N, P, S, B, etc.) or combining them
with graphene is a feasible method to improve the catalytic performance of MOFs-derived
metal-free NC materials. Heteroatom doping can modify the local electronic structure of
metal-free catalysts and effectively improve the catalytic activity. Graphene combining can
improve the degree of graphitization of the catalyst, which is beneficial to electron transfer.
In addition, the synergistic effect between NC derived from MOFs and N-doped graphene
can provide more active centers.

The future commercialization of Zn–air batteries requires us to start from the design of
catalysts, electrodes, and batteries, and comprehensively consider performance, cost, and
other issues. Design and construction of efficient electrode materials is always a priority.
In summary, as emerging organic-inorganic hybrid porous material, MOFs have great
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development prospects in the design of unique bifunctional ORR/OER electrocatalysts.
The main purpose of this review is to provide some feasible ideas for researchers to
design environmentally friendly bifunctional ORR/OER electrocatalysts with high activity
and selectivity, excellent stability, and conductivity. In addition, optimization of cell
configuration, electrolyte, and operating conditions is required to improve the performance
of Zn–air battery such as power density, energy density, and stability. For example, we can
choose appropriate additives to overcome zinc passivation and dendrite formation; use
filters based on chemical/physical absorption to reduce CO2 and prevent the deactivation of
electrode materials caused by CO2 poisoning; and improve the utilization rate of electrolyte
and prevent leakage. Although there are still many challenges, it is expected that the
research results of MOFs materials can be used to solve the problem of slow air cathode
kinetics of Zn–air battery soon.

Author Contributions: Conceptualization, D.S. and C.H.; methodology, D.S. and B.Y.; validation,
D.S., X.T. and J.T.; formal analysis, D.S. and Q.L.; investigation, X.T. and Z.G.; writing—original
draft preparation, D.S., X.T. and J.T.; writing—review and editing, D.S., X.T., X.Z., C.H. and J.T.;
visualization, X.T. and J.T.; supervision, X.T. and J.T.; project administration, X.T. and J.T.; funding
acquisition, X.T. and J.T. All authors have read and agreed to the published version of the manuscript.

Funding: This study has been accomplished with financial support by the National Natural Science
Foundation of China (NSFC, No. 21506041, 22005072), the Youth Science and Technology Talent
Growth Program of Guizhou Provincial Education Department (no. QianjiaoheKY[2022]163), the
Science and Technology Project of Guizhou Province ([2019]1226), Guizhou Normal University
Xueshuxinmiao (2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw data in this study can be provided by the corresponding author
on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jiao, Y.; Zheng, Y.; Jaroniec, M.; Qiao, S.Z. Design of electrocatalysts for oxygen- and hydrogen-involving energy conversion

reactions. Chem. Soc. Rev. 2015, 44, 2060–2086. [CrossRef] [PubMed]
2. Wang, H.F.; Xu, Q. Materials design for rechargeable metal-air batteries. Matter 2019, 1, 565–595. [CrossRef]
3. McLarnon, F.R.; Cairns, E.J. The secondary alkaline zinc electrode. J. Electrochem. Soc. 1991, 138, 645. [CrossRef]
4. Li, Y.; Dai, H. Recent advances in zinc-air batteries. Chem. Soc. Rev. 2014, 43, 5257–5275. [CrossRef]
5. Jin, Y.; Liang, P.; Liu, X.; Kai, W.; Liu, Y.; Wang, Y.; Xia, Y.Y.; Zhang, J. Challenges, Mitigation strategies and perspectives in

development of zinc-electrode materials/fabrications for rechargeable zinc-air batteries. Energy Environ. Sci. 2018, 11, 3075–3095.
6. Pei, P.; Wang, K.; Ma, Z. Technologies for extending zinc-air battery’s cyclelife: A review. Appl. Energy 2014, 128, 315–324.

[CrossRef]
7. See, D.M.; White, R.E. Temperature and concentration dependence of the specific conductivity of concentrated solutions of

potassium hydroxide. J. Chem. Eng. Data 1997, 42, 1266–1268. [CrossRef]
8. Li, Y.; Lu, J. Metal-air batteries: Will they be the future electrochemical energy storage device of choice. ACS Energy Lett. 2017, 2,

1370–1377. [CrossRef]
9. Merle, G.; Wessling, M.; Nijmeijer, K. Anion exchange membranes for alkaline fuel cells: A review. J. Membr. Sci. 2011, 377, 1–35.

[CrossRef]
10. Wu, M.; Zhang, G.; Wu, M.; Prakash, J.; Sun, S. Rational design of multifunctional air electrodes for rechargeable Zn-air batteries:

Recent progress and future perspectives. Energy Storage Mater. 2019, 21, 253–286. [CrossRef]
11. Guan, Y.; Li, Y.; Luo, S.; Ren, X.; Deng, L.; Sun, L.; Mi, H.; Zhang, P.; Liu, J. Rational design of positive-hexagon-shaped

two-dimensional ZIF-derived materials as improved bifunctional oxygen electrocatalysts for use as long-lasting rechargeable
Zn-air batteries. Appl. Catal. B Environ. 2019, 256, 117871. [CrossRef]

12. Li, J.; Zhu, Y.; Chen, W.; Lu, Z.; Xu, J.; Pei, A.; Peng, Y.; Zheng, X.; Zhang, Z.; Chu, S.; et al. Breathing-mimicking electrocatalysis
for oxygen evolution and reduction. Joule 2019, 3, 557–569. [CrossRef]

13. Chen, X.; Zhou, Z.; Karahan, H.E.; Shao, Q.; Wei, L.; Chen, Y. Recent advances in materials and design of electrochemically
rechargeable zinc-air batteries. Small 2018, 14, 1801929. [CrossRef] [PubMed]

http://doi.org/10.1039/C4CS00470A
http://www.ncbi.nlm.nih.gov/pubmed/25672249
http://doi.org/10.1016/j.matt.2019.05.008
http://doi.org/10.1149/1.2085653
http://doi.org/10.1039/C4CS00015C
http://doi.org/10.1016/j.apenergy.2014.04.095
http://doi.org/10.1021/je970140x
http://doi.org/10.1021/acsenergylett.7b00119
http://doi.org/10.1016/j.memsci.2011.04.043
http://doi.org/10.1016/j.ensm.2019.05.018
http://doi.org/10.1016/j.apcatb.2019.117871
http://doi.org/10.1016/j.joule.2018.11.015
http://doi.org/10.1002/smll.201801929
http://www.ncbi.nlm.nih.gov/pubmed/30160051


Materials 2022, 15, 5837 24 of 29

14. Holade, Y.; da Silva, R.G.; Servat, K.; Napporn, T.W.; Canaff, C.; de Andrade, A.R.; Kokoh, K.B. Facile synthesis of highly active
and durable PdM/C (M = Fe, Mn) nanocatalysts for the oxygen reduction reaction in an alkaline medium. J. Mater. Chem. A 2016,
4, 8337–8349. [CrossRef]

15. Zhou, C.; Chen, X.; Liu, S.; Han, Y.; Meng, H.; Jiang, Q.; Zhao, S.; Wei, F.; Sun, J.; Tan, T.; et al. Superdurable bifunctional oxygen
electrocatalyst for high-performance zinc-air batteries. J. Am. Chem. Soc. 2022, 144, 2694–2704. [CrossRef]

16. Kuo, D.Y.; Paik, H.; Kloppenburg, J.; Faeth, B.; Shen, K.M.; Schlom, D.G.; Hautier, G.; Suntivich, J. Measurements of oxygen
electroadsorption energies and oxygen evolution reaction on RuO2(110): A discussion of the sabatier principle and its role in
electrocatalysis. J. Am. Chem. Soc. 2018, 140, 17597–17605. [CrossRef] [PubMed]

17. Lu, X.F.; Chen, Y.; Wang, S.; Gao, S.; Lou, X.W. Interfacing manganese oxide and cobalt in porous graphitic carbon polyhedrons
boosts oxygen electrocatalysis for Zn–air batteries. Adv. Mater. 2019, 31, 1902339. [CrossRef]

18. Fu, G.; Wang, J.; Chen, Y.; Liu, Y.; Tang, Y.; Goodenough, J.B.; Lee, J.M. Exploring indium-based ternary thiospinel as conceivable
high-potential air-cathode for rechargeable Zn-air batteries. Adv. Energy Mater. 2018, 8, 1802263. [CrossRef]

19. Wang, H.F.; Tang, C.; Zhang, Q. A review of precious-metal-free bifunctional oxygen electrocatalysts: Rational design and
applications in Zn−air batteries. Adv. Funct. Mater. 2018, 28, 1803329. [CrossRef]

20. Furukawa, H.; Cordova, K.E.; O’Keeffe, M.; Yaghi, O.M. The chemistry and applications of metal-organic frameworks. Science
2013, 341, 1230444. [CrossRef] [PubMed]

21. Yaghi, O.M.; O’Keeffe, M.; Ockwig, N.W.; Chae, H.K.; Eddaoudi, M.; Kim, J. Reticular synthesis and the design of new materials.
Nature 2003, 423, 705–714. [CrossRef]

22. Wu, Z.; Wu, H.; Niu, T.; Wang, S.; Fu, G.; Jin, W.; Ma, T. Sulfurated metal–organic framework-derived nanocomposites for efficient
bifunctional oxygen electrocatalysis and rechargeable Zn–air battery. ACS Sustain. Chem. Eng. 2020, 8, 9226–9234. [CrossRef]

23. Xue, D.X.; Wang, Q.; Bai, J. Amide-functionalized metal–organic frameworks: Syntheses, structures and improved gas storage
and separation properties. Coord. Chem. Rev. 2019, 378, 2–16. [CrossRef]

24. Denning, S.; Majid, A.A.A.; Lucero, J.M.; Crawford, J.M.; Carreon, M.A.; Koh, C.A. Metal–organic framework HKUST-1 promotes
methane hydrate formation for improved gas storage capacity. ACS Appl. Mater. Interfaces 2020, 12, 53510–53518. [CrossRef]
[PubMed]

25. Mahmoud, E.; Ali, L.; El Sayah, A.; Alkhatib, S.A.; Abdulsalam, H.; Juma, M.; Al-Muhtaseb, A.A.H. Implementing metal-organic
frameworks for naturalgas storage. Crystals 2019, 9, 406. [CrossRef]

26. Feng, X.; Chen, C.; He, C.; Chai, S.; Yu, Y.; Cheng, J. Non-thermal plasma coupled with MOF-74 derived Mn-Co-Ni-O porous
composite oxide for toluene efficient degradation. J. Hazard. Mater. 2020, 383, 121143. [CrossRef]

27. Lei, Z.; Deng, Y.; Wang, C. Multiphase surface growth of hydrophobic ZIF-8 on melamine sponge for excellent oil/water
separation and effective catalysis in a Knoevenagel reaction. J. Mater. Chem. A 2018, 6, 3258–3263. [CrossRef]

28. Nasir, M.S.; Yang, G.; Ayub, I.; Wang, S.; Wang, L.; Wang, X.; Yan, W.; Peng, S.; Ramakarishna, S. Recent development in graphitic
carbon nitride based photocatalysis for hydrogen generation. Appl. Catal. B Environ. 2019, 257, 117855. [CrossRef]

29. Giménez-Marqués, M.; Hidalgo, T.; Serre, C.; Horcajada, P. Nanostructured metal–organic frameworks and their bio-related
applications. Coord. Chem. Rev. 2016, 307, 342–360. [CrossRef]

30. Liu, X.; Liang, T.; Zhang, R.; Ding, Q.; Wu, S.; Li, C.; Lin, Y.; Ye, Y.; Zhong, Z.; Zhou, M. Iron-based metal–organic frameworks in
drug delivery and biomedicine. ACS Appl. Mater. Interfaces 2021, 13, 9643–9655. [CrossRef]

31. Chedid, G.; Yassin, A. Recent trends in covalent and metal organic frameworks for biomedical Applications. Nanomaterials 2018,
8, 916. [CrossRef] [PubMed]

32. Liang, Z.; Qu, C.; Guo, W.; Zou, R.; Xu, Q. Pristine metal–organic frameworks and their composites for energy storage and
conversion. Adv. Mater. 2018, 30, 1702891. [CrossRef] [PubMed]

33. Sun, T.; Xu, L.; Wang, D.; Li, Y. Metal organic frameworks derived single atom catalysts for electrocatalytic energy conversion.
Nano Res. 2019, 12, 2067–2080. [CrossRef]

34. Tang, X.; Zhao, L.; Sun, W.; Wang, Y. Two-dimensional metal-organic framework materials for energy conversion and storage.
J. Power Sources 2020, 477, 228919. [CrossRef]

35. Yaghi, O.M.; Li, G.; Li, H. Selective binding and removal of guests in a microporous metal–organic framework. Nature 1995, 378,
703–706. [CrossRef]

36. Lee, J.S.; Tai Kim, S.; Cao, R.; Choi, N.S.; Liu, M.; Lee, K.T.; Cho, J. Metal–air batteries with high energy density: Li–air versus
Zn–air. Adv. Energy Mater. 2011, 1, 34–50. [CrossRef]

37. Sapkota, P.; Kim, H. Zinc–air fuel cell, a potential candidate for alternative energy. J. Ind. Eng. Chem. 2009, 15, 445–450. [CrossRef]
38. Gu, P.; Zheng, M.; Zhao, Q.; Xiao, X.; Xue, H.; Pang, H. Rechargeable zinc–air batteries: A promising way to green energy. J.

Mater. Chem. A 2017, 5, 7651–7666. [CrossRef]
39. Antoine, O.; Durand, R. RRDE study of oxygen reduction on Pt nanoparticles inside Nafion®: H2O2 production in PEMFC

cathode conditions. J. Appl. Electrochem. 2000, 30, 839–844. [CrossRef]
40. Li, C.; Zhao, D.H.; Long, H.L.; Li, M. Recent advances in carbonized non-noble metal–organic frameworks for electrochemical

catalyst of oxygen reduction reaction. Rare Met. 2021, 40, 2657–2689. [CrossRef]
41. Guo, Y.; Chen, Y.N.; Cui, H.; Zhou, Z. Bifunctional electrocatalysts for rechargeable Zn-air batteries. Chin. J. Catal. 2019, 40,

1298–1310. [CrossRef]

http://doi.org/10.1039/C6TA02096H
http://doi.org/10.1021/jacs.1c11675
http://doi.org/10.1021/jacs.8b09657
http://www.ncbi.nlm.nih.gov/pubmed/30463402
http://doi.org/10.1002/adma.201902339
http://doi.org/10.1002/aenm.201802263
http://doi.org/10.1002/adfm.201803329
http://doi.org/10.1126/science.1230444
http://www.ncbi.nlm.nih.gov/pubmed/23990564
http://doi.org/10.1038/nature01650
http://doi.org/10.1021/acssuschemeng.0c03570
http://doi.org/10.1016/j.ccr.2017.10.026
http://doi.org/10.1021/acsami.0c15675
http://www.ncbi.nlm.nih.gov/pubmed/33186007
http://doi.org/10.3390/cryst9080406
http://doi.org/10.1016/j.jhazmat.2019.121143
http://doi.org/10.1039/C7TA10566E
http://doi.org/10.1016/j.apcatb.2019.117855
http://doi.org/10.1016/j.ccr.2015.08.008
http://doi.org/10.1021/acsami.0c21486
http://doi.org/10.3390/nano8110916
http://www.ncbi.nlm.nih.gov/pubmed/30405018
http://doi.org/10.1002/adma.201702891
http://www.ncbi.nlm.nih.gov/pubmed/29164712
http://doi.org/10.1007/s12274-019-2345-4
http://doi.org/10.1016/j.jpowsour.2020.228919
http://doi.org/10.1038/378703a0
http://doi.org/10.1002/aenm.201000010
http://doi.org/10.1016/j.jiec.2009.01.002
http://doi.org/10.1039/C7TA01693J
http://doi.org/10.1023/A:1003999818560
http://doi.org/10.1007/s12598-020-01694-w
http://doi.org/10.1016/S1872-2067(19)63349-8


Materials 2022, 15, 5837 25 of 29

42. Li, X.; Hao, X.; Abudula, A.; Guan, G. Nanostructured catalysts for electrochemical water splitting: Current state and prospects. J.
Mater. Chem. A 2016, 4, 11973–12000. [CrossRef]

43. Wan, Y.; Zhang, Z.; Xu, X.; Zhang, Z.; Li, P.; Fang, X.; Zhang, K.; Yuan, K.; Liu, K.; Ran, G.; et al. Engineering active edge sites of
fractal-shaped single-layer MoS2 catalysts for high-efficiency hydrogen evolution. Nano Energy 2018, 51, 786–792. [CrossRef]

44. Jasinski, R. A new fuel cell cathode catalyst. Nature 1964, 201, 1212–1213. [CrossRef]
45. Lefèvre, M.; Proietti, E.; Jaouen, F.; Dodelet, J.P. Iron-based catalysts with improved oxygen reduction activity in polymer

electrolyte fuel cells. Science 2009, 324, 71–74. [CrossRef] [PubMed]
46. Proietti, E.; Jaouen, F.; Lefèvre, M.; Larouche, N.; Tian, J.; Herranz, J.; Dodelet, J.P. Iron-based cathode catalyst with enhanced

power density in polymer electrolyte membrane fuel cells. Nat. Commun. 2011, 2, 416. [CrossRef]
47. Deria, P.; Gómez-Gualdrón, D.A.; Hod, I.; Snurr, R.Q.; Hupp, J.T.; Farha, O.K. Framework-topology-dependent catalytic activity

of zirconium-based (porphinato)zinc(II) MOFs. J. Am. Chem. Soc. 2016, 138, 14449–14457. [CrossRef]
48. Yang, Y.; Zhang, X.; Kanchanakungwankul, S.; Lu, Z.; Noh, H.; Syed, Z.H.; Farha, O.K.; Truhlar, D.G.; Hupp, J.T. Unexpected

“spontaneous” evolution of catalytic, MOF-supported single Cu(II) cations to catalytic, MOF-supported Cu(0) nanoparticles. J.
Am. Chem. Soc. 2020, 142, 21169–21177. [CrossRef]

49. Yi, X.; He, X.; Yin, F.; Chen, B.; Li, G.; Yin, H. Co-CoO-Co3O4/N-doped carbon derived from metal-organic framework: The
addition of carbon black for boosting oxygen electrocatalysis and Zn-air battery. Electrochim. Acta 2019, 295, 966–977. [CrossRef]

50. Cho, K.; Han, S.H.; Suh, M.P. Copper-organic framework fabricated with CuS nanoparticles: Synthesis, electrical conductivity,
and electrocatalytic activities for oxygen reduction reaction. Angew. Chem. Int. Ed. 2016, 55, 15301–15305. [CrossRef]

51. Xiong, J.; Zhao, J.; Xiang, Z.; Li, C.; Wu, M.; Wang, X.; Pan, Y.; Lu, W.; Liu, R. Carbon nanotube@ZIF–derived Fe-N-doped carbon
electrocatalysts for oxygen reduction and evolution reactions. J. Solid State Electrochem. 2019, 23, 2225–2232. [CrossRef]

52. Zhang, M.; Yan, F.; Bai, J.; Li, X.; Zheng, X.; Dou, J.; Wang, X.; Zhang, W.; Zhou, B. ZIF-67-templated synthesis of core-
shell-structured POP@MOF composite derived porous carbon with embedding FeCo alloy nanoparticles as high-performance
bifunctional oxygen electrocatalysts. Microporous Mesoporous Mater. 2021, 312, 110627. [CrossRef]

53. Yang, L.; Xu, G.; Ban, J.; Zhang, L.; Xu, G.; Lv, Y.; Jia, D. Metal-organic framework-derived metal-free highly graphitized
nitrogen-doped porous carbon with a hierarchical porous structure as an efficient and stable electrocatalyst for oxygen reduction
reaction. J. Colloid Interface Sci. 2019, 535, 415–424. [CrossRef] [PubMed]

54. Liu, S.; Zhang, H.; Zhao, Q.; Zhang, X.; Liu, R.; Ge, X.; Wang, G.; Zhao, H.; Cai, W. Metal-organic framework derived nitrogen-
doped porous carbon@graphene sandwich-like structured composites as bifunctional electrocatalysts for oxygen reduction and
evolution reactions. Carbon 2016, 106, 74–83. [CrossRef]

55. Tao, L.; Lin, C.Y.; Dou, S.; Feng, S.; Chen, D.; Liu, D.; Huo, J.; Xia, Z.; Wang, S. Creating coordinatively unsaturated metal sites in
metal-organic-frameworks as efficient electrocatalysts for the oxygen evolution reaction: Insights into the active centers. Nano
Energy 2017, 41, 417–425. [CrossRef]

56. Zhao, W.; Wan, G.; Peng, C.; Sheng, H.; Wen, J.; Chen, H. Key Single-atom electrocatalysis in metal-organic framework (MOF)-
derived bifunctional catalysts. ChemSusChem 2018, 11, 3473–3479. [CrossRef]

57. Wang, X.; Chen, Z.; Zhao, X.; Yao, T.; Chen, W.; You, R.; Zhao, C.; Wu, G.; Wang, J.; Huang, W.; et al. Regulation of coordination
number over single Co sites: Triggering the efficient electroreduction of CO2. Angew. Chem. Int. Ed. 2018, 57, 1944–1948.
[CrossRef]

58. Ma, S.; Goenaga, G.A.; Call, A.V.; Liu, D.J. Cobalt imidazolate framework as precursor for oxygen reduction reaction electrocata-
lysts. Chem. A Eur. J. 2011, 17, 2063–2067. [CrossRef]

59. Amiinu, I.S.; Liu, X.; Pu, Z.; Li, W.; Li, Q.; Zhang, J.; Tang, H.; Zhang, H.; Mu, S. From 3D ZIF nanocrystals to Co–Nx/C nanorod
array electrocatalysts for ORR, OER, and Zn-air batteries. Adv. Funct. Mater. 2018, 28, 1704638. [CrossRef]

60. Duan, X.; Pan, N.; Sun, C.; Zhang, K.; Zhu, X.; Zhang, M.; Song, L.; Zheng, H. MOF-derived Co-MOF,O-doped carbon as
trifunctional electrocatalysts to enable highly efficient Zn–air batteries and water-splitting. J. Energy Chem. 2021, 56, 290–298.
[CrossRef]

61. Liu, J.; Qiao, S.Z.; Chen, J.S.; Lou, X.W.; Xing, X.; Lu, G.Q. Yolk/shell nanoparticles: New platforms for nanoreactors, drug
delivery and lithium-ion batteries. Chem. Commun. 2011, 47, 12578–12591. [CrossRef] [PubMed]

62. Arnal, P.M.; Comotti, M.; Schüth, F. High-temperature-stable catalysts by hollow sphere encapsulation. Angew. Chem. Int. Ed.
2006, 45, 8224–8227. [CrossRef]

63. Liu, S.; Wang, Z.; Zhou, S.; Yu, F.; Yu, M.; Chiang, C.Y.; Zhou, W.; Zhao, J.; Qiu, J. Metal–organic-framework-derived hybrid
carbon nanocages as a bifunctional electrocatalyst for oxygen reduction and evolution. Adv. Mater. 2017, 29, 1700874. [CrossRef]

64. Zhou, D.; Fu, H.; Long, J.; Shen, K.; Gou, X. Novel fusiform core-shell-MOF derived intact metal@carbon composite: An efficient
cathode catalyst for aqueous and solid-state Zn-air batteries. J. Energy Chem. 2022, 64, 385–394. [CrossRef]

65. Zhao, Q.; Xu, X.; Jin, Y.; Zhang, Q.; Liu, J.; Wang, H. Carbon-coated Co3O4 with porosity derived from zeolite imidazole
framework-67 as a bi-functional electrocatalyst for rechargeable zinc air batteries. J. Nanoparticle Res. 2020, 22, 299. [CrossRef]

66. Ding, D.; Shen, K.; Chen, X.; Chen, H.; Chen, J.; Fan, T.; Wu, R.; Li, Y. Multi-level architecture optimization of MOF-templated
Co-based nanoparticles embedded in hollow N-doped carbon polyhedra for efficient OER and ORR. ACS Catal. 2018, 8, 7879–7888.
[CrossRef]

67. Xia, W.; Zou, R.; An, L.; Xia, D.; Guo, S. A metal–organic framework route to in situ encapsulation of Co@Co3O4@C core@bishell
nanoparticles into a highly ordered porous carbon matrix for oxygen reduction. Energy Environ. Sci. 2015, 8, 568–576. [CrossRef]

http://doi.org/10.1039/C6TA02334G
http://doi.org/10.1016/j.nanoen.2018.02.027
http://doi.org/10.1038/2011212a0
http://doi.org/10.1126/science.1170051
http://www.ncbi.nlm.nih.gov/pubmed/19342583
http://doi.org/10.1038/ncomms1427
http://doi.org/10.1021/jacs.6b09113
http://doi.org/10.1021/jacs.0c10367
http://doi.org/10.1016/j.electacta.2018.11.142
http://doi.org/10.1002/anie.201607271
http://doi.org/10.1007/s10008-019-04317-2
http://doi.org/10.1016/j.micromeso.2020.110627
http://doi.org/10.1016/j.jcis.2018.10.007
http://www.ncbi.nlm.nih.gov/pubmed/30317082
http://doi.org/10.1016/j.carbon.2016.05.021
http://doi.org/10.1016/j.nanoen.2017.09.055
http://doi.org/10.1002/cssc.201801473
http://doi.org/10.1002/anie.201712451
http://doi.org/10.1002/chem.201003080
http://doi.org/10.1002/adfm.201704638
http://doi.org/10.1016/j.jechem.2020.08.007
http://doi.org/10.1039/c1cc13658e
http://www.ncbi.nlm.nih.gov/pubmed/21863171
http://doi.org/10.1002/anie.200603507
http://doi.org/10.1002/adma.201700874
http://doi.org/10.1016/j.jechem.2021.05.011
http://doi.org/10.1007/s11051-020-05029-9
http://doi.org/10.1021/acscatal.8b02504
http://doi.org/10.1039/C4EE02281E


Materials 2022, 15, 5837 26 of 29

68. Wu, G.; Mack, N.H.; Gao, W.; Ma, S.; Zhong, R.; Han, J.; Baldwin, J.K.; Zelenay, P. Nitrogen-doped graphene-rich catalysts derived
from heteroatom polymers for oxygen reduction in nonaqueous lithium–O2 battery cathodes. ACS Nano 2012, 6, 9764–9776.
[CrossRef]

69. Park, K.S.; Ni, Z.; Côté, A.P.; Choi, J.Y.; Huang, R.; Uribe-Romo, F.J.; Chae, H.K.; O’Keeffe, M.; Yaghi, O.M. Exceptional chemical
and thermal stability of zeolitic imidazolate frameworks. Proc. Natl. Acad. Sci. USA 2006, 103, 10186–10191. [CrossRef]

70. Li, X.; Fang, Y.; Lin, X.; Tian, M.; An, X.; Fu, Y.; Li, R.; Jin, J.; Ma, J. MOF derived Co3O4 nanoparticles embedded in N-doped
mesoporous carbon layer/MWCNT hybrids: Extraordinary bi-functional electrocatalysts for OER and ORR. J. Mater. Chem. A
2015, 3, 17392–17402. [CrossRef]

71. Zang, W.; Sumboja, A.; Ma, Y.; Zhang, H.; Wu, Y.; Wu, S.; Wu, H.; Liu, Z.; Guan, C.; Wang, J.; et al. Single Co atoms anchored in
porous N-doped carbon for efficient zinc-air battery cathodes. ACS Catal. 2018, 8, 8961–8969. [CrossRef]

72. Liu, K.; Kattel, S.; Mao, V.; Wang, G. Electrochemical and computational study of oxygen reduction reaction on nonprecious
transition metal/nitrogen doped carbon nanofibers in acid medium. J. Phys. Chem. C 2016, 120, 1586–1596. [CrossRef]

73. Yan, X.; Liu, K.; Wang, T.; You, Y.; Liu, J.; Wang, P.; Pan, X.; Wang, G.; Luo, J.; Zhu, J. Atomic interpretation of high activity on
transition metal and nitrogen-doped carbon nanofibers for catalyzing oxygen reduction. J. Mater. Chem. A 2017, 5, 3336–3345.
[CrossRef]

74. Xiao, M.; Zhang, H.; Chen, Y.; Zhu, J.; Gao, L.; Jin, Z.; Ge, J.; Jiang, Z.; Chen, S.; Liu, C.; et al. Identification of binuclear Co2N5
active sites for oxygen reduction reaction with more than one magnitude higher activity than single atom CoN4 site. Nano Energy
2018, 46, 396–403. [CrossRef]

75. Zhu, C.; Shi, Q.; Xu, B.Z.; Fu, S.; Wan, G.; Yang, C.; Yao, S.; Song, J.; Zhou, H.; Du, D.; et al. Hierarchically porous M–N–C (M = Co
and Fe) single-atom electrocatalysts with robust MNx active moieties enable enhanced ORR performance. Adv. Energy Mater.
2018, 8, 1801956. [CrossRef]

76. Xu, M.; Ge, J.; Liu, C.; Xing, W. Recent advances in active sites identification and new M−N−C catalysts development towards
ORR. J. Phys. Mater. 2021, 4, 044008. [CrossRef]

77. Liu, J.; Ma, R.; Chu, Y.; Gao, N.; Jin, Z.; Ge, J.; Liu, C.; Xing, W. Construction and regulation of a surface protophilic environment
to enhance oxygen reduction reaction electrocatalytic activity. ACS Appl. Mater. Interfaces 2020, 12, 41269–41276. [CrossRef]

78. Yang, L.; Larouche, N.; Chenitz, R.; Zhang, G.; Lefèvre, M.; Dodelet, J.P. Activity, performance, and durability for the reduction of
oxygen in PEM fuel cells, of Fe/N/C electrocatalysts obtained from the pyrolysis of metal-organic-framework and iron porphyrin
precursors. Electrochim. Acta 2015, 159, 184–197. [CrossRef]

79. Zhang, G.; Chenitz, R.; Lefèvre, M.; Sun, S.; Dodelet, J.P. Is iron involved in the lack of stability of Fe/N/C electrocatalysts used to
reduce oxygen at the cathode of PEM fuel cells. Nano Energy 2016, 29, 111–125. [CrossRef]

80. Lai, Q.; Zheng, L.; Liang, Y.; He, J.; Zhao, J.; Chen, J. Metal–organic-framework-derived Fe-N/C rlectrocatalyst with
five-coordinated Fe-Nx sites for advanced oxygen reduction in acid media. ACS Catal. 2017, 7, 1655–1663. [CrossRef]

81. Hijazi, I.; Bourgeteau, T.; Cornut, R.; Morozan, A.; Filoramo, A.; Leroy, J.; Derycke, V.; Jousselme, B.; Campidelli, S. Carbon
nanotube-templated synthesis of covalent porphyrin network for oxygen reduction reaction. J. Am. Chem. Soc. 2014, 136,
6348–6354. [CrossRef] [PubMed]

82. Cao, R.; Thapa, R.; Kim, H.; Xu, X.; Gyu Kim, M.; Li, Q.; Park, N.; Liu, M.; Cho, J. Promotion of oxygen reduction by a bio-inspired
tethered iron phthalocyanine carbon nanotube-based catalyst. Nat. Commun. 2013, 4, 2076. [CrossRef] [PubMed]

83. Zhu, J.; Jia, N.; Yang, L.; Su, D.; Park, J.; Choi, Y.; Gong, K. Heterojunction nanowires having high activity and stability for the
reduction of oxygen: Formation by self-assembly of iron phthalocyanine with single walled carbon nanotubes (FePc/SWNTs). J.
Colloid Interface Sci. 2014, 419, 61–67. [CrossRef]

84. Cheng, W.Z.; Liang, J.L.; Yin, H.B.; Wang, Y.J.; Yan, W.F.; Zhang, J.N. Bifunctional iron-phtalocyanine metal-organic framework
catalyst for ORR, OER and rechargeable zinc–air battery. Rare Met. 2020, 39, 815–823. [CrossRef]

85. Wen, Z.; Ci, S.; Hou, Y.; Chen, J. Facile one-pot, one-step synthesis of a carbon nanoarchitecture for an advanced multifunctonal
electrocatalyst. Angew. Chem. Int. Ed. 2014, 53, 6496–6500. [CrossRef] [PubMed]

86. Yang, W.; Liu, X.; Yue, X.; Jia, J.; Guo, S. Bamboo-like carbon nanotube/Fe3C nanoparticle hybrids and their highly efficient
catalysis for oxygen reduction. J. Am. Chem. Soc. 2015, 137, 1436–1439. [CrossRef] [PubMed]

87. Zhong, H.X.; Wang, J.; Zhang, Y.W.; Xu, W.L.; Xing, W.; Xu, D.; Zhang, Y.F.; Zhang, X.B. ZIF-8 derived graphene-based nitrogen-
doped porous carbon sheets as highly efficient and durable oxygen reduction electrocatalysts. Angew. Chem. Int. Ed. 2014, 53,
14235–14239. [CrossRef]

88. Wei, J.; Hu, Y.; Liang, Y.; Kong, B.; Zhang, J.; Song, J.; Bao, Q.; Simon, G.P.; Jiang, S.P.; Wang, H. Nitrogen-doped nanoporous
carbon/graphene nano-sandwiches: Synthesis and application for efficient oxygen reduction. Adv. Funct. Mater. 2015, 25,
5768–5777. [CrossRef]

89. Zhao, P.; Hua, X.; Xu, W.; Luo, W.; Chen, S.; Cheng, G. Metal–organic framework-derived hybrid of Fe3C nanorod-encapsulated,
N-doped CNTs on porous carbon sheets for highly efficient oxygen reduction and water oxidation. Catal. Sci. Technol. 2016, 6,
6365–6371. [CrossRef]

90. Wang, X.X.; Prabhakaran, V.; He, Y.; Shao, Y.; Wu, G. Iron-free cathode catalysts for proton-exchange-membrane fuel cells: Cobalt
catalysts and the peroxide mitigation approach. Adv. Mater. 2019, 31, 1805126. [CrossRef]

91. Li, J.; Chen, M.; Cullen, D.A.; Hwang, S.; Wang, M.; Li, B.; Liu, K.; Karakalos, S.; Lucero, M.; Zhang, H.; et al. Atomically dispersed
manganese catalysts for oxygen reduction in proton-exchange membrane fuel cells. Nat. Catal. 2018, 1, 935–945. [CrossRef]

http://doi.org/10.1021/nn303275d
http://doi.org/10.1073/pnas.0602439103
http://doi.org/10.1039/C5TA03900B
http://doi.org/10.1021/acscatal.8b02556
http://doi.org/10.1021/acs.jpcc.5b10334
http://doi.org/10.1039/C6TA09462G
http://doi.org/10.1016/j.nanoen.2018.02.025
http://doi.org/10.1002/aenm.201801956
http://doi.org/10.1088/2515-7639/ac09d2
http://doi.org/10.1021/acsami.0c10155
http://doi.org/10.1016/j.electacta.2015.01.201
http://doi.org/10.1016/j.nanoen.2016.02.038
http://doi.org/10.1021/acscatal.6b02966
http://doi.org/10.1021/ja500984k
http://www.ncbi.nlm.nih.gov/pubmed/24717022
http://doi.org/10.1038/ncomms3076
http://www.ncbi.nlm.nih.gov/pubmed/23797710
http://doi.org/10.1016/j.jcis.2013.12.048
http://doi.org/10.1007/s12598-020-01440-2
http://doi.org/10.1002/anie.201402574
http://www.ncbi.nlm.nih.gov/pubmed/24798877
http://doi.org/10.1021/ja5129132
http://www.ncbi.nlm.nih.gov/pubmed/25607754
http://doi.org/10.1002/anie.201408990
http://doi.org/10.1002/adfm.201502311
http://doi.org/10.1039/C6CY01031H
http://doi.org/10.1002/adma.201805126
http://doi.org/10.1038/s41929-018-0164-8


Materials 2022, 15, 5837 27 of 29

92. Han, X.; Zhang, T.; Chen, W.; Dong, B.; Meng, G.; Zheng, L.; Yang, C.; Sun, X.; Zhuang, Z.; Wang, D.; et al. Mn-N4 oxygen
reduction electrocatalyst: Operando investigation of active sites and high performance in zinc–air battery. Adv. Energy Mater.
2021, 11, 2002753. [CrossRef]

93. Li, F.; Qin, T.; Sun, Y.; Jiang, R.; Yuan, J.; Liu, X.; O’Mullane, A.P. Preparation of a one-dimensional hierarchical MnO@CNT@Co–
N/C ternary nanostructure as a high-performance bifunctional electrocatalyst for rechargeable Zn–air batteries. J. Mater. Chem. A
2021, 9, 22533–22543. [CrossRef]

94. Najam, T.; Cai, X.; Aslam, M.K.; Tufail, M.K.; Shah, S.S.A. Nano-engineered directed growth of Mn3O4 quasi-nanocubes on
N-doped polyhedrons: Efficient electrocatalyst for oxygen reduction reaction. Int. J. Hydrogen Energy 2020, 45, 12903–12910.
[CrossRef]

95. Wahab, A.; Iqbal, N.; Noor, T.; Ashraf, S.; Raza, M.A.; Ahmad, A.; Khan, U.A. Thermally reduced mesoporous manganese
MOF@reduced graphene oxide nanocomposite as bifunctional electrocatalyst for oxygen reduction and evolution. RSC Adv. 2020,
10, 27728–27742. [CrossRef] [PubMed]

96. Zhang, Z.; Yang, S.; Dou, M.; Liu, H.; Gu, L.; Wang, F. Systematic study of the transition-metal (Fe, Co, Ni, Cu) phthalocyanine as
electrocatalyst for oxygen reduction and its evaluation by DFT. RSC Adv. 2016, 6, 67049–67056. [CrossRef]

97. Iwase, K.; Yoshioka, T.; Nakanishi, S.; Hashimoto, K.; Kamiya, K. Copper-modified covalent triazine frameworks as non-noble-
metal electrocatalysts for oxygen reduction. Angew. Chem. Int. Ed. 2015, 54, 11068–11072. [CrossRef]

98. Thorseth, M.A.; Tornow, C.E.; Tse, E.C.M.; Gewirth, A.A. Cu complexes that catalyze the oxygen reduction reaction. Coord. Chem.
Rev. 2013, 257, 130–139. [CrossRef]

99. Lai, Q.; Zhu, J.; Zhao, Y.; Liang, Y.; He, J.; Chen, J. MOF-based metal-doping-induced synthesis of hierarchical porous Cu-N/C
oxygen reduction electrocatalysts for Zn–air batteries. Small 2017, 13, 1700740. [CrossRef]

100. Ge, F.; Qiao, Q.; Chen, X.; Wu, Y. Probing the catalytic activity of M-N4−xOx embedded graphene for the oxygen reduction
reaction by density functional theory. Front. Chem. Sci. Eng. 2021, 15, 1206–1216. [CrossRef]

101. Zhang, L.; Xiao, J.; Wang, H.; Shao, M. Carbon-based electrocatalysts for hydrogen and oxygen evolution reactions. ACS Catal.
2017, 7, 7855–7865. [CrossRef]

102. Peng, H.; Liu, F.; Liu, X.; Liao, S.; You, C.; Tian, X.; Nan, H.; Luo, F.; Song, H.; Fu, Z.; et al. Effect of transition metals on the
structure and performance of the doped carbon catalysts derived from polyaniline and melamine for ORR application. ACS Catal.
2014, 4, 3797–3805. [CrossRef]

103. Zeng, H.; Liu, X.; Chen, F.; Chen, Z.; Fan, X.; Lau, W. Single atoms on a nitrogen-doped boron phosphide monolayer: A new
promising bifunctional electrocatalyst for ORR and OER. ACS Appl. Mater. Interfaces 2020, 12, 52549–52559. [CrossRef] [PubMed]

104. Zhan, Y.; Lu, M.; Yang, S.; Xu, C.; Liu, Z.; Lee, J.Y. Activity of transition-metal (Manganese, Iron, Cobalt, and Nickel) phosphates
for oxygen electrocatalysis in alkaline solution. ChemCatChem 2016, 8, 372–379. [CrossRef]

105. Singh, A.; Xu, Q. Synergistic catalysis over bimetallic alloy nanoparticles. ChemCatChem 2013, 5, 652–676. [CrossRef]
106. Wang, C.; Li, D.; Chi, M.; Pearson, J.; Rankin, R.B.; Greeley, J.; Duan, Z.; Wang, G.; van der Vliet, D.; More, K.L.; et al. Rational

development of ternary alloy electrocatalysts. J. Phys. Chem. Lett. 2012, 3, 1668–1673. [CrossRef]
107. Li, G.; Zheng, K.; Xu, C. An ingenious approach for ZIFs derived N-doped hierarchical porous carbon hybrids with FeCo alloy

nanoparticles as efficient bifunctional oxygen electrocatalysts. Appl. Surf. Sci. 2019, 487, 496–502. [CrossRef]
108. Luo, Y.; Zhang, J.; Chen, J.; Chen, Y.; Zhang, C.; Luo, Y.; Wang, G.; Wang, R. Bi-functional electrocatalysis through synergetic

coupling strategy of atomically dispersed Fe and Co active sites anchored on 3D nitrogen-doped carbon sheets for Zn-air battery.
J. Catal. 2021, 397, 223–232. [CrossRef]

109. Duan, X.; Ren, S.; Pan, N.; Zhang, M.; Zheng, H. MOF-derived Fe,Co@N–C bifunctional oxygen electrocatalysts for Zn–air
batteries. J. Mater. Chem. A 2020, 8, 9355–9363. [CrossRef]

110. Fang, H.; Huang, T.; Sun, Y.; Kang, B.; Liang, D.; Yao, S.; Yu, J.; Dinesh, M.M.; Wu, S.; Lee, J.Y.; et al. Metal-organic framework-
derived core-shell-structured nitrogen-doped CoCx/FeCo@C hybrid supported by reduced graphene oxide sheets as high
performance bifunctional electrocatalysts for ORR and OER. J. Catal. 2019, 371, 185–195. [CrossRef]

111. Kumar, Y.; Kibena-Põldsepp, E.; Kozlova, J.; Rähn, M.; Treshchalov, A.; Kikas, A.; Kisand, V.; Aruväli, J.; Tamm, A.;
Douglin, J.C.; et al. Bifunctional oxygen electrocatalysis on mixed metal phthalocyanine-modified carbon nanotubes prepared via
pyrolysis. ACS Appl. Mater. Interfaces 2021, 13, 41507–41516. [CrossRef] [PubMed]

112. Ye, M.; Hu, F.; Yu, D.; Han, S.; Li, L.; Peng, S. Hierarchical FeC/MnO2 composite with in-situ grown CNTs as an advanced
trifunctional catalyst for water splitting and metal-air batteries. Ceram. Int. 2021, 47, 18424–18432. [CrossRef]

113. Lin, S.Y.; Xia, L.X.; Zhang, L.; Feng, J.J.; Zhao, Y.; Wang, A.J. Highly active Fe centered FeM-N-doped carbon (M = Co/Ni/Mn): A
general strategy for efficient oxygen conversion in Zn–air battery. Chem. Eng. J. 2021, 424, 130559. [CrossRef]

114. Zhang, C.; Wu, C.; Gao, Y.; Gong, Y.; Liu, H.; He, J. FeNi Nanoparticles coated on N-doped ultrathin graphene-like nanosheets as
stable bifunctional catalyst for Zn-air batteries. Chem. Asian J. 2021, 16, 1592–1602. [CrossRef]

115. Wang, Z.; Ang, J.; Liu, J.; Ma, X.Y.D.; Kong, J.; Zhang, Y.; Yan, T.; Lu, X. FeNi alloys encapsulated in N-doped CNTs-tangled
porous carbon fibers as highly efficient and durable bifunctional oxygen electrocatalyst for rechargeable zinc-air battery. Appl.
Catal. B Environ. 2020, 263, 118344. [CrossRef]

116. Zheng, X.; Cao, X.; Zeng, K.; Yan, J.; Sun, Z.; Rümmeli, M.H.; Yang, R. A self-jet vapor-phase growth of 3D FeNi@NCNT clusters
as efficient oxygen electrocatalysts for zinc-air batteries. Small 2021, 17, 2006183. [CrossRef]

http://doi.org/10.1002/aenm.202002753
http://doi.org/10.1039/D1TA07259E
http://doi.org/10.1016/j.ijhydene.2020.02.205
http://doi.org/10.1039/D0RA04193A
http://www.ncbi.nlm.nih.gov/pubmed/35516955
http://doi.org/10.1039/C6RA12426G
http://doi.org/10.1002/anie.201503637
http://doi.org/10.1016/j.ccr.2012.03.033
http://doi.org/10.1002/smll.201700740
http://doi.org/10.1007/s11705-020-2017-7
http://doi.org/10.1021/acscatal.7b02718
http://doi.org/10.1021/cs500744x
http://doi.org/10.1021/acsami.0c13597
http://www.ncbi.nlm.nih.gov/pubmed/33172252
http://doi.org/10.1002/cctc.201500952
http://doi.org/10.1002/cctc.201200591
http://doi.org/10.1021/jz300563z
http://doi.org/10.1016/j.apsusc.2019.05.014
http://doi.org/10.1016/j.jcat.2021.03.030
http://doi.org/10.1039/D0TA02825H
http://doi.org/10.1016/j.jcat.2019.02.005
http://doi.org/10.1021/acsami.1c06737
http://www.ncbi.nlm.nih.gov/pubmed/34428020
http://doi.org/10.1016/j.ceramint.2021.03.166
http://doi.org/10.1016/j.cej.2021.130559
http://doi.org/10.1002/asia.202100347
http://doi.org/10.1016/j.apcatb.2019.118344
http://doi.org/10.1002/smll.202006183


Materials 2022, 15, 5837 28 of 29

117. Li, G.L.; Yang, B.B.; Xu, X.C.; Cao, S.; Shi, Y.; Yan, Y.; Song, X.; Hao, C. FeNi alloy nanoparticles encapsulated in carbon shells
supported on N-doped graphene-like carbon as efficient and stable bifunctional oxygen electrocatalysts. Chem. A Eur. J. 2020, 26,
2890–2896. [CrossRef]

118. Chen, K.; Kim, S.; Rajendiran, R.; Prabakar, K.; Li, G.; Shi, Z.; Jeong, C.; Kang, J.; Li, O.L. Enhancing ORR/OER active sites through
lattice distortion of Fe-enriched FeNi3 intermetallic nanoparticles doped N-doped carbon for high-performance rechargeable
Zn-air battery. J. Colloid Interface Sci. 2021, 582, 977–990. [CrossRef]

119. Wang, B.; Xu, L.; Liu, G.; Ye, Y.; Quan, Y.; Wang, C.; Wei, W.; Zhu, W.; Xu, C.; Li, H.; et al. In situ confinement growth of peasecod-
like N-doped carbon nanotubes encapsulate bimetallic FeCu alloy as a bifunctional oxygen reaction cathode electrocatalyst for
sustainable energy batteries. J. Alloy. Compd. 2020, 826, 154152. [CrossRef]

120. Yao, Z.; Chen, D.; Li, Y.; Lyu, Q.; Wang, J.; Zhong, Q. MOF-derived multi-metal embedded N-doped carbon sheets rich in CNTs as
efficient bifunctional oxygen electrocatalysts for rechargeable ZABs. Int. J. Hydrogen Energy 2022, 47, 984–992. [CrossRef]

121. Wu, M.; Guo, B.; Nie, A.; Liu, R. Tailored architectures of FeNi alloy embedded in N-doped carbon as bifunctional oxygen
electrocatalyst for rechargeable zinc-air battery. J. Colloid Interface Sci. 2020, 561, 585–592. [CrossRef] [PubMed]

122. Cui, J.; Leng, Y.; Xiang, Z. FeNi co-doped electrocatalyst synthesized via binary ligand strategy as a bifunctional catalyst for
Zn-air flow battery. Chem. Eng. Sci. 2022, 247, 117038. [CrossRef]

123. Zhao, S.; Wang, Y.; Dong, J.; He, C.T.; Yin, H.; An, P.; Zhao, K.; Zhang, X.; Gao, C.; Zhang, L.; et al. Ultrathin metal–organic
framework nanosheets for electrocatalytic oxygen evolution. Nat. Energy 2016, 1, 16184. [CrossRef]

124. Huang, K.; Guo, S.; Wang, R.; Lin, S.; Hussain, N.; Wei, H.; Deng, B.; Long, Y.; Lei, M.; Tang, H.; et al. Two-dimensional MOF/MOF
derivative arrays on nickel foam as efficient bifunctional coupled oxygen electrodes. Chin. J. Catal. 2020, 41, 1754–1760. [CrossRef]

125. Zheng, Y.; Zheng, S.; Xue, H.; Pang, H. Metal-organic frameworks/graphene-based materials: Preparations and applications. Adv.
Funct. Mater. 2018, 28, 1804950. [CrossRef]

126. Zheng, X.; Cao, Y.; Liu, D.; Cai, M.; Ding, J.; Liu, X.; Wang, J.; Hu, W.; Zhong, C. Bimetallic metal–organic-framework/reduced
graphene oxide composites as bifunctional electrocatalysts for rechargeable Zn–air batteries. ACS Appl. Mater. Interfaces 2019, 11,
15662–15669. [CrossRef]

127. Li, Z.; He, H.; Cao, H.; Sun, S.; Diao, W.; Gao, D.; Lu, P.; Zhang, S.; Guo, Z.; Li, M.; et al. Atomic Co/Ni dual sites and Co/Ni alloy
nanoparticles in N-doped porous Janus-like carbon frameworks for bifunctional oxygen electrocatalysis. Appl. Catal. B Environ.
2019, 240, 112–121. [CrossRef]

128. Zhang, G.; Xing, J.; Zhao, Y.; Yang, F. Hierarchical N,P co-doped graphene aerogels framework assembling vertically grown
CoMn-LDH nanosheets as efficient bifunctional electrocatalyst for rechargeable zinc-air battery. J. Colloid Interface Sci. 2021, 590,
476–486. [CrossRef]

129. Deng, C.; Wu, K.H.; Scott, J.; Zhu, S.; Amal, R.; Wang, D.W. Ternary MnO/CoMn alloy@N-doped graphitic composites derived
from a bi-metallic pigment as bi-functional electrocatalysts. J. Mater. Chem. A 2019, 7, 20649–20657. [CrossRef]

130. Duarte, M.F.P.; Rocha, I.M.; Figueiredo, J.L.; Freire, C.; Pereira, M.F.R. CoMn-LDH@carbon nanotube composites: Bifunctional
electrocatalysts for oxygen reactions. Catal. Today 2018, 301, 17–24. [CrossRef]

131. Du, J.; Chen, C.; Cheng, F.; Chen, J. Rapid synthesis and efficient electrocatalytic oxygen reduction/evolution reaction of CoMn2O4
nanodots supported on graphene. Inorg. Chem. 2015, 54, 5467–5474. [CrossRef] [PubMed]

132. Yang, L.; Wang, D.; Lv, Y.; Cao, D. Nitrogen-doped graphitic carbons with encapsulated CoNi bimetallic nanoparticles as
bifunctional electrocatalysts for rechargeable Zn-air batteries. Carbon 2019, 144, 8–14. [CrossRef]

133. Hou, J.J.; Lu, L.; Shen, Z.Y.; Gao, H.; Liu, H. Rational design of CoNi alloy and atomic Co/Ni composite as an efficient
electrocatalyst. Surf. Innov. 2021, 9, 37–48.

134. Wan, W.; Liu, X.; Li, H.; Peng, X.; Xi, D.; Luo, J. 3D carbon framework-supported CoNi nanoparticles as bifunctional oxygen
electrocatalyst for rechargeable Zn-air batteries. Appl. Catal. B Environ. 2019, 240, 193–200. [CrossRef]

135. Zhu, C.; Yang, W.; Di, J.; Zeng, S.; Qiao, J.; Wang, X.; Lv, B.; Li, Q. CoNi nanoparticles anchored inside carbon nanotube networks
by transient heating: Low loading and high activity for oxygen reduction and evolution. J. Energy Chem. 2021, 54, 63–71.
[CrossRef]

136. Duan, J.; Chen, S.; Jaroniec, M.; Qiao, S.Z. Heteroatom-doped graphene-based materials for energy-relevant electrocatalytic
processes. Acs Catal. 2015, 5, 5207–5234. [CrossRef]

137. Gu, J.; Magagula, S.; Zhao, J.; Chen, Z. Boosting ORR/OER activity of graphdiyne by simple heteroatom doping. Small Methods
2019, 3, 1800550. [CrossRef]

138. Zheng, Y.; Song, H.; Chen, S.; Yu, X.; Zhu, J.; Xu, J.; Zhang, K.A.I.; Zhang, C.; Liu, T. Metal-free multi-heteroatom-doped carbon
bifunctional electrocatalysts derived from a covalent triazine polymer. Small 2020, 16, 2004342. [CrossRef]

139. Lee, C.H.; Jun, B.; Lee, S.U. Metal-free oxygen evolution and oxygen reduction reaction bifunctional electrocatalyst in alkaline
media: From mechanisms to structure-catalytic activity relationship. ACS Sustain. Chem. Eng. 2018, 6, 4973–4980. [CrossRef]

140. Gong, K.; Du, F.; Xia, Z.; Durstock, M.; Dai, L. Nitrogen-doped carbon nanotube arrays with high electrocatalytic activity for
oxygen reduction. Science 2009, 323, 760–764. [CrossRef]

141. Lim, J.; Jung, J.W.; Kim, N.Y.; Lee, G.Y.; Lee, H.J.; Lee, Y.; Choi, D.S.; Yoon, K.R.; Kim, Y.H.; Kim, I.D.; et al. N2-dopant of graphene
with electrochemically switchable bifunctional ORR/OER catalysis for Zn-air battery. Energy Storage Mater. 2020, 32, 517–524.
[CrossRef]

http://doi.org/10.1002/chem.201904685
http://doi.org/10.1016/j.jcis.2020.08.101
http://doi.org/10.1016/j.jallcom.2020.154152
http://doi.org/10.1016/j.ijhydene.2021.10.086
http://doi.org/10.1016/j.jcis.2019.11.033
http://www.ncbi.nlm.nih.gov/pubmed/31740131
http://doi.org/10.1016/j.ces.2021.117038
http://doi.org/10.1038/nenergy.2016.184
http://doi.org/10.1016/S1872-2067(20)63613-0
http://doi.org/10.1002/adfm.201804950
http://doi.org/10.1021/acsami.9b02859
http://doi.org/10.1016/j.apcatb.2018.08.074
http://doi.org/10.1016/j.jcis.2021.01.093
http://doi.org/10.1039/C9TA08016C
http://doi.org/10.1016/j.cattod.2017.03.046
http://doi.org/10.1021/acs.inorgchem.5b00518
http://www.ncbi.nlm.nih.gov/pubmed/25989252
http://doi.org/10.1016/j.carbon.2018.12.008
http://doi.org/10.1016/j.apcatb.2018.08.081
http://doi.org/10.1016/j.jechem.2020.05.052
http://doi.org/10.1021/acscatal.5b00991
http://doi.org/10.1002/smtd.201800550
http://doi.org/10.1002/smll.202004342
http://doi.org/10.1021/acssuschemeng.7b04608
http://doi.org/10.1126/science.1168049
http://doi.org/10.1016/j.ensm.2020.06.034


Materials 2022, 15, 5837 29 of 29

142. Gao, F.; Zhao, G.L.; Yang, S.; Spivey, J.J. Nitrogen-doped fullerene as a potential catalyst for hydrogen fuel cells. J. Am. Chem. Soc.
2013, 135, 3315–3318. [CrossRef] [PubMed]

143. Sharifi, T.; Hu, G.; Jia, X.; Wågberg, T. Formation of active sites for oxygen reduction reactions by transformation of nitrogen
functionalities in nitrogen-doped carbon nanotubes. ACS Nano 2012, 6, 8904–8912. [CrossRef] [PubMed]

144. He, W.; Jiang, C.; Wang, J.; Lu, L. High-rate oxygen electroreduction over graphitic-N species exposed on 3D hierarchically porous
nitrogen-doped carbons. Angew. Chem. Int. Ed. 2014, 53, 9503–9507. [CrossRef] [PubMed]

145. Wei, W.; Liang, H.; Parvez, K.; Zhuang, X.; Feng, X.; Müllen, K. Nitrogen-doped carbon nanosheets with size-defined mesopores
as highly efficient metal-free catalyst for the oxygen reduction reaction. Angew. Chem. Int. Ed. 2014, 53, 1570–1574. [CrossRef]

146. Qian, Y.; Hu, Z.; Ge, X.; Yang, S.; Peng, Y.; Kang, Z.; Liu, Z.; Lee, J.Y.; Zhao, D. A metal-free ORR/OER bifunctional electrocatalyst
derived from metal-organic frameworks for rechargeable Zn-air batteries. Carbon 2017, 111, 641–650. [CrossRef]

147. Li, Y.; Yan, Z.; Wang, Q.; Ye, H.; Li, M.; Zhu, L.; Cao, X. Ultrathin, highly branched carbon nanotube cluster with outstanding
oxygen electrocatalytic performance. Electrochim. Acta 2018, 282, 224–232. [CrossRef]

148. Jahan, M.; Bao, Q.L.; Yang, J.X.; Loh, K.P. Structure-directing role of graphene in the synthesis of metal-organic framework
nanowire. J. Am. Chem. Soc. 2010, 132, 14487–14495. [CrossRef] [PubMed]

149. Kumar, R.; Jayaramulu, K.; Maji, T.K.; Rao, C.N.R. Hybrid nanocomposites of ZIF-8 with graphene oxide exhibiting tunable
morphology, significant CO2 uptake and other novel properties. Chem. Commun. 2013, 49, 4947–4949. [CrossRef]

150. Hou, Y.; Huang, T.; Wen, Z.; Mao, S.; Cui, S.; Chen, J. Metal-organic framework-derived nitrogen-doped core-shell-structured
porous Fe/Fe3C@C nanoboxes supported on graphene sheets for efficient oxygen reduction reactions. Adv. Energy Mater. 2014,
4, 1400337. [CrossRef]

151. Hou, Y.; Wen, Z.H.; Cui, S.M.; Ci, S.Q.; Mao, S.; Chen, J.H. An advanced nitrogen-doped graphene/cobalt-embedded porous
carbon polyhedron hybrid for efficient catalysis of oxygen reduction and water splitting. Adv. Funct. Mater. 2015, 25, 872–882.
[CrossRef]

152. Wei, J.; Hu, Y.X.; Wu, Z.X.; Liang, Y.; Leong, S.; Kong, B.; Zhang, X.Y.; Zhao, D.Y.; Simon, G.P.; Wang, H.T. A graphene-directed
assembly route to hierarchically porous Co-Nx/C catalysts for high-performance oxygen reduction. J. Mater. Chem. A 2015, 3,
16867–16873. [CrossRef]

http://doi.org/10.1021/ja309042m
http://www.ncbi.nlm.nih.gov/pubmed/22992014
http://doi.org/10.1021/nn302906r
http://www.ncbi.nlm.nih.gov/pubmed/23020173
http://doi.org/10.1002/anie.201404333
http://www.ncbi.nlm.nih.gov/pubmed/25044805
http://doi.org/10.1002/anie.201307319
http://doi.org/10.1016/j.carbon.2016.10.046
http://doi.org/10.1016/j.electacta.2018.06.058
http://doi.org/10.1021/ja105089w
http://www.ncbi.nlm.nih.gov/pubmed/20863117
http://doi.org/10.1039/c3cc00136a
http://doi.org/10.1002/aenm.201400337
http://doi.org/10.1002/adfm.201403657
http://doi.org/10.1039/C5TA04330A

	Introduction 
	Catalytic Mechanism in Zinc-Air Battery 
	The Structure and Working Principle of the Zn–Air Battery 
	ORR Reaction Mechanism and Evaluation Parameters 
	OER Reaction Mechanism and Evaluation Parameters 

	MOF-Derived Non-Precious Metal Catalysts 
	MOF-Derived Single Metal Catalyst 
	MOF-Derived Co-Based Catalysts 
	MOF-Derived Fe-Based Catalysts 
	MOF-Derived Other Catalysts 

	MOF-Derived Bimetallic Catalyst 
	MOF-Derived Iron-Containing Bimetallic Catalysts 
	MOF-Derived Non-Iron Bimetallic Catalysts 


	MOF-Derived Non-Metallic Catalysts 
	Summary and Prospect 
	References

