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Due to the severe environmental issues, many advanced technologies, typically fuel cells and metal-air batteries have aroused
widespread concerns and been intensively studied in recent years. However, oxygen redox reactions including oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR) as the core reactions suffer from sluggish kinetics of the multiple electron
transfer process. Currently, Pt, RuO,, and IrO, are considered to be the benchmark catalysts for ORR and OER, but their high
price, scarcity and instability hinder them from large-scale application. To overcome these limits, exploring alternative elec-
trocatalysts with low cost, high activity, long-term stability, and earth-abundance is of extreme urgency. Metal-organic frame-
works (MOFs) are a family of inorganic-organic hybrid materials with high surface areas and tunable structures, making them
proper as catalyst candidates. Herein, the recent progress of MOFs and MOF-derived materials for ORR and OER is system-
atically reviewed, and the relationship between compositions and electrochemical performance is discussed. It is expected that
this review can be helpful for the future development of related MOF-based materials with excellent electrochemical perfor-
mance.
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1 Introduction

Human society and science technology have made great
advances since the first and second industrial revolutions.
New technologies and inventions have brought modern so-
ciety enormous convenience. Nevertheless, almost all these
advanced technologies rely on the consumption of un-
sustainable fossil fuels such as coal and petroleum, which
leads to enormous CO, emission and severe environmental
issues [1]. In order to cope with the climate changes and the
depletion of fuel supplies, development of clean energy is of
vital importance and urgency. Many advanced technologies
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like fuel cells, metal-air batteries, and water electrolysis have
aroused widespread concerns [2]. The core of these energy
conversion technologies is a series of electrochemical reac-
tions, including hydrogen evolution reaction (HER), oxygen
evolution reaction (OER), oxygen reduction reaction (ORR)
and hydrogen oxidation reaction (HOR) [1]. Compared to
HER and HOR, OER and ORR are found to suffer from
sluggish kinetics of the multiple electron transfer process [3].
The development of low temperature polymer electrolyte
membrane fuel cells (PEMFCs) is severely hampered by the
poor performance of the ORR electrodes [4]. OER electro-
catalysts also have a serious impact on the development of
these energy conversion systems due to the poor durability
and the requirement of high overpotentials [5]. Therefore,
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the development of highly active electrocatalysts for these
two reactions is extremely crucial.

Currently, noble-metal-based composites, such as Pt,
RuO,, and IrO, are considered to be the benchmark catalysts
for ORR and OER due to their outstanding performance [6].
However, their high price, instability and scarcity hinder
them from large-scale application and production. Hence,
exploring alternative electrocatalysts with low cost, high
activity, long stability, and earth abundance is of extreme
urgency [7].

Metal-organic frameworks (MOFs), consisting of co-
ordinated organic ligands and metal ion/cluster centers, are
highly porous materials with high surface areas and large
pore volumes [8]. In recent years, MOF-based materials in-
cluding pristine MOFs and MOF composites have been
widely used as functional materials in various electro-
chemical applications [9,10]. Furthermore, MOFs can serve
as sacrificial precursors to prepare efficient electrocatalysts
[11,12]. The porosity of MOFs can be partially retained after
thermal treatment, obtaining high surface-area carbon sup-
ports with highly dispersed and exposed active sites [13].
Besides, the heteroatoms (like N, S) in the organic ligands
can be incorporated and distributed throughout the whole
carbon matrix. Notably, these atoms inserted into the carbon
matrix can induce strong charge transfer effects with ad-
jacent C atoms, which has been proven beneficial to ORR
and OER process [14]. Unsurprisingly, by virtue of the ad-
vantages discussed above, MOF-based materials have been
in-depth studied and reported with high performance, im-
plying their enormous potential as the next generation ORR
and OER catalysts. By tuning the chemical compositions and
morphology of MOF precursors, pyrolysis condition, and
construction of various nanostructured composites, the ac-
tivity of resultant catalysts can be greatly enhanced [15].

In this review, we aim to summarize the strategies for
regulating and enhancing the activities of MOF-based ORR/
OER electrocatalysts (Figure 1). On this basis, we would like
to build connections between rational design and synthesis of
MOF-based materials and their catalytic performance. Fi-
nally, we will provide some suggestions which might be
helpful in the design of MOF-based ORR/OER catalysts, and
present an outlook for the future development of MOF-based
electrocatalysts.

2 Mechanism for ORR and OER

ORR and OER are two reactions happening in the electro-
chemically rechargeable metal air batteries. Oxygen mole-
cules are reduced during discharging, while the oxidation
process happens during the charging process. However, these
two reactions require very different conditions, especially the
potential requirements during the reaction process [16].
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Figure 1 Schematic illustration of MOFs and MOF-derived nanos-
tructures for ORR and OER (color online).

2.1 Mechanism for ORR

The pathway of ORR reaction involves either four-electron
or two-electron transfer [17]. A four-electron pathway is
more preferred in order to get higher efficiency in the op-
eration of fuel cells, whereas the two-electron pathway is
more commonly used in the industrial H,O, production [18].
Generally, three major pathways are proposed for ORR, i.e.,
the dissociative pathway, the associative pathway, and the
peroxo (or 2nd associative) pathway. In either pathway, the
initial step is always the diffusion and subsequent adsorption
of O, on catalyst surface to form an adsorbed O, (O,*, where
* denotes a surface site). Dissociative pathway is relatively
simple, where the O—O bond breaks upon adsorption prior to
any electron and proton transfer, leading to formation of two
O* adatom intermediates, followed by successive reduction
of the O* into OH* and OH . In the associative pathway,
addition of the first electron-proton pair to form OOH* takes
place before O-O cleavage. The as-formed O* and OH*
intermediates are further hydrogenated until OH formation.
The peroxo pathway can be regarded as a branch of the
associative pathway, where the OOH* is firstly reduced to
H,0,* (an adsorbed hydrogen peroxide). The as-formed
H,0,* can be further reduced to complete a four-electron
pathway, or desorbed from catalyst surface to give free H,O,
as the final product, leading to a two-electron reaction
[19,20].

Dissociative mechanism:

0,+2*—20*

20*+2H,0+2e —20H*+20H

20H*+2¢ —20H +2*

Associative mechanism:

O, +*—0,*

0,*+H,0+e —OOH*+OH

OOH*+e —»O*+OH"
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O*+e +H,O0—OH*+OH

OH*te —OH +*

Peroxo mechanism:

0,+*—0,*

0,*+H,0+e -OOH*+OH

OOH*+H,0+e —H,0,*+OH

(Two-electron pathway: H,0,*—H,0,+*)

H,0,*—20H*

20H*+2¢ —20H +2*

Choice of the reaction pathways is determined by O, dis-
sociating energy barrier on a specific catalyst surface [21].
Typically, the dissociating energy barrier on carbon is
usually very high, resulting in two-electron pathway on
carbonaceous materials, while on most metal surfaces, ORR
will take the four-electron pathway because of the strong
adsorption of O,. As for metal oxides, various pathways exist
due to their different compositions or crystal structures [22].

As mentioned above, the binding energies of the inter-
mediates on a specific surface influence the performance of
the catalyst. The pioneering work on the ORR volcano plot
reports that the oxygen adsorption strength (AEq+) can work
as the catalyst activity descriptor [23]. As shown in Figure 2
(a), Pt situates near the top. To achieve the optimal catalytic
performance, binding energies on the catalyst surface should
be moderate. If the intermediates bind too strongly, the active
sites will be occupied, which means the catalyst is poisoned;
otherwise if they bind too weakly, the activity is limited due
to the difficult activation [16].

2.2 Mechanism for OER

OER is the reverse process of ORR, where H,O is oxidized
to O,. The overall reaction pathways for OER include several
steps, as shown below [25]:

OH +*—OH*+e

OH*+OH —O*+e +H,0

O*+OH —OOH*+e

OOH*+OH —O0,*+e¢ +H,0

0,*—*+0,

In order to drive the OER process, high positive potentials
are required, which will lead to the oxidation of metal cat-
alysts. Thus, the kinds of catalysts needed are different from
those used in ORR. Most commonly used catalysts are metal
oxides. The enthalpy of metal in metal oxides transiting from
low to high oxidation state can serve as an activity descriptor
[26]. Metal oxides which are difficult to oxidize are not
suitable because intermediates are weakly adsorbed; how-
ever, metal oxides which are easy to oxidize are also not very
active due to the strong adsorption of the intermediates [1].
Recently, an activity descriptor of AGys—AGgy+ is proposed
which can be applied to a wide variety of metal oxides
(Figure 2(b)) [24]. Later, a simple activity descriptor for
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Figure 2 Volcano plots for different electrochemical process. (a) ORR
activity plotted as a function of the oxygen binding energy. Reprinted with
permission from Ref. [23]. Copyright 2004 American Chemical Society. (b)
Activity trends for OER as a function of AGo+—AGqy+ for Co;04, Mn,0,,
rutile, and anatase. Reprinted with permission from Ref. [24]. Copyright
2011 John Wiley and Sons.

perovskite oxides, e, electron occupancy is used to describe
the intrinsic OER activities [27]. It shows that the activities
depend on the occupancy of 3d electron with an e, symmetry
of surface transition metal cations. The peak OER activity is
predicted to be at an e, occupancy close to unity, and higher
covalency of transition metal-oxygen bonds is preferred for
OER process.

3 MOFs for ORR

3.1 Pristine MOFs for ORR

Pristine MOFs can be directly used as ORR electrocatalysts,
since their abundant pores can facilitate O, and water
transportation, and rich active metal sites are engaged in this
redox-involved electrochemical process [28]. However, few
MOFs has been reported with ORR activity, although there
are thousands of MOFs discovered. The reasons may be at-
tributed to the instability of MOF structures in aqueous
medium and the inferior electrical conductivity which leads
to the poor contact between MOF particles and electrode
surface [29].

In order to overcome these deficiencies, several strategies
have been developed to design MOF structures with high
catalytic performance and enhance their electrical con-
ductivity.

Some functional groups in MOFs tend to form interactions
with gas molecules, especially the oxygen storage behavior
in pores will benefit the ORR process. Transition metal
porphyrin complexes, in particular the Fe(III) porphyrins
structurally related to hemoproteins, exhibit strong interac-
tion with O,. Hence, several MOFs containing Fe(III) por-
phyrins have been reported. A Zr-based porphyrinic MOF,
PCN-223-Fe, containing large triangular channels lined up
with Fe(III) porphyrin moieties, exhibits high performance in
acidic environment. The strong interactions between por-
phyrin linkers and Zrg-oxo-clusters and the redox inertness of
Zr*" ions both contributed to the structure stability during the
redox cycling [30].
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Cu-BTC as a classic MOF has been widely studied and
used in various areas. However, its electrocatalytic perfor-
mance towards ORR is unstable, mainly due to the structural
instability in aqueous media [29]. By introducing 2,2’-bi-
pyridine as an auxiliary ligand to anchor skeleton structure,
the more stable Cu-bipy-BTC could be formed. After ex-
posure to water for 24 h, no morphology change was ob-
served, verifying its good stability in aqueous media. Further
tests showed the occurrence of ORR activity under the
electrocatalysis of Cu-bipy-BTC [31].

Another copper-based MOF (NPC-4) with nanocage
structure contains copper active sites (Figure 3(A)) [32]. The
windows of the nanocages with diameters of ~0.6 nm were
large enough for gas molecules to pass through, however the
pores were occupied by solvent DMA molecules in the as-syn-
thesized MOF. Without activation, the electrochemical per-
formance mainly depended on the electron transport between
electrode and some metal ions near the electrode surface.
After activation by a solvent-exchange method, space inside
the nanocages could be liberated, exposing plenty of open
metal sites (Figure 3(B)). By removing the solvent molecules
occupied in the nanocage, dissolved oxygen could enter into
the nanocages and be reduced by Cu’ (Figure 3(C)).

The instability of MOF structures in aqueous medium and
the inferior electrical conductivity result in the poor perfor-
mance of pristine MOFs, and therefore few MOFs has been
reported with ORR activity. Thus, construction of aqueous
stable MOFs and introduction of functional groups in MOFs
to enhance the conductivity could guide the synthesis of
highly efficient MOF catalyst. Besides pristine MOFs, many
efforts have been made to develop efficient MOF composites
to increase the electrical conductivity. In particular, by as-
sembling functionalized graphene with MOFs [32-34], or
embedding highly active metal compounds into MOF ma-
trices [28,35], their ORR performances and stabilities could
be significantly improved.

3.2 MOF derived materials for ORR

With tunable and various structures, MOFs can serve as
precursors to prepare highly porous carbon-based materials
or metal-carbon composites by pyrolysis. To some extent,
their structural ordering and porosity can be preserved. In
addition, the stability of MOF-derived materials is enhanced,
which endows them with superior durability under con-
tinuous operation and harsh reaction conditions.

3.2.1 Creation of metal-free ORR active sites

MOFs have been widely used to produce various porous
carbon materials. Since some metals with low boiling point
can evaporate during pyrolysis or can be leached by acid
after pyrolysis, the metal-free carbon composites can be
easily obtained. Besides, heteroatom-doping can generate
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Figure 3 (A) Crystal structure of NPC-4. (B) Schematics for O, reduc-
tion catalyzed by as-prepared NPC-4 and activated NPC-4. (C) CV curve a,
b, ¢ of RGO, activated NPC-4 modified RGO/GCE in N,-saturated PBS
solution, activated NPC-4 modified RGO/GCE in O,-saturated PBS solu-
tion, respectively. Reprinted with permission from Ref. [32]. Copyright
2014 Royal Society of Chemistry (color online).

uneven charge distribution throughout the carbon network,
leading to favorable chemisorption of O,.

ZIF-8 is the most popular MOF as precursor for pyrolysis
because the evaporative Zn in the framework can act as a
pore-forming agent during calcination, creating plenty of
open channels. Unlike the amino ligands in many other
MOFs, the 2-methylimidazole (2-MeIM) ligands in ZIF-8
are rich in N and free of O. Thus, using ZIF-8 as precursor
can create a uniform distribution of N in the carbon frame-
works. In addition, the carbon precursor 2-MeIM can pro-
duce a much higher degree of graphitization in the obtained
carbon frameworks compared to non-aromatic carbon pre-
cursors [36]. As early as 2014, Zhang et al. [37] had studied
the influence of pyrolysis temperature and carbonization
time on the ORR performance of ZIF-8. Generally, higher
activity was expected for pyrolysis at higher temperature.
However, longer carbonization time did not proportionally
contribute to higher electrochemical activity. Only the sy-
nergistic contributions of high surface area, high degree of
graphitization and high graphitic N atom content could result
in the optimum electrocatalytic activity. Nevertheless, the
best performance they got showed an ORR onset potential 40
mV lower than that of Pt/C, indicating that direct MOF
pyrolysis without additional modification was difficult to
prepare efficient ORR catalysts. By in situ growing ZIF-8 on
graphene oxide (GO), followed by thermal treatment, the
resultant catalyst exhibited a high activity, good tolerance to
methanol and superior stability compared to Pt/C [38].

Introduction of heteroatoms which are rare in MOF ligands
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is another way to enhance the performance. After carboni-
zation at high temperature, and followed by thermal treat-
ment with NH; and thiourea, ZIF-8 converted into N,S-
coupled doped carbon networks. First principles calculations
(as shown in Figure 4) revealed that the coupled dopants had
higher activity compared to isolated dopants, providing a
great electron density to the adsorbed O,, thus originating
enhanced ORR activity [39]. Also, after modified with bor-
on-containing reactants and treated at high temperature, ZIF-
8 derived hollow N/B co-doped carbon exhibited a pro-
nounced ORR activity with an onset potential of —0.12 V (vs.
Ag/AgCl) along with superb long-term stability [40].

Moreover, there are some other methods to modify the
pore size and enhance the electrical conductivity of ZIF-
derived composites, such as NaCl-assisted exfoliation ap-
proach [41-43], NH; activation approach [44], self-sacrifi-
cial template approach [45], and incorporation with
additional carbon sources [46]. Besides ZIF-8, other kinds of
Zn-MOFs (for example Zn-MOF-74 [47,48], ZIF-7 [49], and
MOF-5 [50]) can also serve as the precursors to prepare
metal-free ORR electrocatalysts.

3.2.2 Creation of non-precious metal ORR active sites
As discussed above, because of the instability of MOF
structures in the aqueous medium, few MOFs has been re-
ported with remarkable activity for ORR. Thus, MOFs can
serve as precursors to prepare highly porous carbon-based
transition metal compounds. To some extent, their structural
ordering and porosity can be preserved. In addition, the
stability of MOF-derived materials will be greatly enhanced.
In the most cases, carbon layers will form, surround and
protect the transition metal nanoparticles, which can endow
them with superior durability under continuous operation
and harsh reaction conditions. Significant efforts have been
made to illustrate the active sites in M—N—C catalysts. Two
types of active sites including metal-nitrogen moieties em-
bedded in carbon (MN,C,) and nitrogen doped carbon en-
capsulating inorganic metal species (M@N,C,) have been
proven to show ORR activity. The phenomenon of agglom-
eration of metal nanoparticles would happen when pyr-
olyzing the sole MOF-precursor, leading to the large grain
size and inhomogenous distribution. Since some metals such
as Zn with low boiling point can evaporate during pyrolysis,
introducing Zn metal sites into MOFs to produce bimetallic
MOFs can be a method to avoid the agglomeration of metal
nanoparticles during pyrolysis. The carbonized MOF-de-
rived composites can also be leached by acid after pyrolysis,
thus the large particles will be removed. Furthermore, het-
eroatom-doping can generate uneven charge distribution
throughout the carbon network, and further influence the
electronic structure of the transition metal nanoparticles.
By pyrolysis of ZIF-67, N-doped carbon nanopolyhedrons
decorated with Co nanoparticles have been fabricated. When
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Figure 4 Optimized structures for the stable adsorbed O, on (a) N-doped
nanocarbon, (b) N,S-isolated nanocarbon, and (c) N,S-coupled nanocarbon.
Free-energy diagram of ORR on (d) N-doped nanocarbon, (¢) N,S-isolated
nanocarbon, and (f) N,S-coupled nanocarbon in alkaline media. Reprinted
with permission from Ref. [39]. Copyright 2017 Royal Society of Chem-
istry (color online).

precisely adjusting the MOF particle size and pyrolysis
temperature, the smallest ZIF-67 (300 nm) calcinated at
750 °C exhibited superior ORR performance with an onset
potential of 0.86 V and a half-wave potential of 0.71 V in
acidic solution [51]. In order to avoid the agglomeration of
metal nanoparticles, strategy of incorporation with another
metal species with low boiling point (for instance, Zn) into
the MOF precursor can be adopted. The composition, mor-
phology and ORR activity of bimetallic CoZn-ZIF-derived
Co—N—C could be tuned by different Zn/Co ratio. The pre-
sence of Zn formed a spatial isolation of Co which sup-
pressed its sintering. High surface area could also be
obtained after Zn evaporation. The optimal Co—N-C ex-
hibited remarkable ORR activity for all pH values, even with
a half-wave potential 30 mV more positive than Pt/C in 0.1
M KOH [52]. Also, introducing evaporative sacrificial
templates [53—56] and additional N,C sources [57-59] would
create hierarchical porous systems with higher surface area,
more active site exposure and higher electrical conductivity.

As early as 1964, Co phthalocyanine had been discovered
with ORR activity [60]. Since then, the heat-treated M—N—-C
ORR catalysts have been extensively studied. Such kind of
catalysts are generally prepared by pyrolyzing a composite
precursor which contains Fe or Co, N, and C at high tem-
perature to obtain robust structure and high activity. The
ORR active sites are thought to be N coordinated metal sites.
You et al. [61] studied the conversion of ZIF-67 to CoNC via
pyrolysis in the temperature range of 600 to 1000 °C. The
catalyst obtained at 900 °C possessed the morphology of
carbonaceous species similar with MOF backbone, and Co
particles sized in the range of 8-15 nm were homogenously
distributed within the carbon matrix. It showed the best ORR
performance among all the obtained catalysts and could be
further applied into the microbial fuel cell. The authors
verified that the target catalysts consisted of metallic Co and
Co—N, species, which acted as the ORR active catalytic sites.
Such structure could offer more active sites. Co@NC na-
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nostructures converted from Zn,Co,_, MOF structures
showed excellent catalytic activity for ORR, with an onset
potential of 0.97 V, half-wave potential of 0.88 V and su-
perior durability with zero degradation after 5000 cycles. X-
ray photoelectron spectroscopy (XPS) analysis showed the
presence of CoN,~C, and Co-N, active sites, which were
known to be highly active towards ORR [62].

Inspired by the reported results that the binuclear sites in
macrocycle compounds exhibit higher catalytic activity than
the single-center sites [63], Xiao ef al. [64] designed a novel
binuclear active site structure, Co,Ns, by precisely control-
ling the structure of bimetallic MOFs. The binuclear sites
were directly observed by aberration corrected scanning
transmission electron microscopy (Figure 5(a, b)). The
configuration was determined by extended X-ray absorption
fine structure (EXAFS) combined with DFT calculation.
Amazingly, Co,Nj; site outperformed the conventional CoN,
site with 12 times higher activity due to the decreased energy
barrier during ORR process (Figure 5(c, d)).

Fe-N,/C catalysts are regarded more active than Co-N,/C
catalysts. Still, a fact must be declared that although Fe-N,/C
has higher activity, Co-N,/C is more stable. A way to en-
hance the performance of Fe—N,/C catalyst is to increase the
density of FeN,. However, simply raising the Fe concentra-
tion during the synthesis is not effective, because it will lead
to Fe aggregation and generate inactive Fe compounds at the
same time. Wang et al. [65] reported a method to dope Fe
into ZIF-8 by partially replacing Zn ions. As a result, Fe was
uniformly distributed into the framework with well-defined
Fe—N, coordination. Without the need for additional post-
treatment such as acid leaching and second heating treat-
ment, only one-step thermal treatment was needed. Notably,
the control of O,-free environment for stabilizing Fe(II) was
crucial for generating uniform Fe distribution without any
agglomerated Fe particles. The new catalyst exhibited very
high ORR activity in terms of its half-wave potential as high
as 0.82 V and extremely low H,O, yield. A consensus has
been reached that a different coordination structure of Fe—N,
will lead to variations in electrocatalytic activity for ORR.
Lai et al. [66] proposed a host-guest chemistry strategy
(Figure 6(a)) to construct Fe-mIm nanoclusters@ZIF-8 and
further transformed it into Fe-N/C with tunable structures.
ZIF-8 host exhibited a significant confinement effect during
pyrolysis process, resulting in different types of Fe—N, sites.
From X-ray absorption near edge structure (XANES) and
EXAFS spectra, this host-guest chemistry strategy could
successfully protect Fe-N, sites from transformation into
inorganic phases after high temperature pyrolysis, and assist
in forming five-coordinated Fe—N, bonds. The electro-
catalytic performance proved that the five-coordinated Fe—
N, sites could promote ORR more effectively than low co-
ordination number sites. Figure 6(b, c¢) show the trends of
calculated free energy for every intermediate on different
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Figure 6 (a) Schematic illustration of the host-guest chemistry strategy.
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on N-Fe—N,. (c) Free-energy diagrams of the reduction of O, to H,O on the
N-Fe-N,, Fe-N,, and Fe-N, structures in acid media. Reprinted with
permission from Ref. [66]. Copyright 2017 American Chemical Society
(color online).

coordination sites. Compared to Fe—N,, a decreasing free
energy for all intermediates was observed on N-Fe—N, and
Fe—N, at 0 V, suggesting that ORR could happen more easily
on these two structures than on Fe-N,. When a potential of
1.23 V was applied, an adsorption reaction was observed on
these three structures with an obvious reaction energy bar-
rier. Anyway, N-Fe-N, showed a lower energy barrier
(0.67 V) than Fe-N, (0.75 eV) or Fe—N, (1.99 eV), which
meant O, could be completely reduced to H,O easily [66].
In addition to Fe-N,, Fe;C sites also exhibit high ORR
activity, which can be prepared from MOFs. Hierarchical
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porous N-doped carbon with Fe/Fe;C nanoparticles were
prepared by carbonization of ZIF-8 (as a sacrificing tem-
plate) and potassium ferricyanide (as an iron precursor). The
obtained catalyst had high amount of Fe—N, sites coexistence
with Fe/Fe;C nanocrystals. The authors demonstrated that
the ORR activity of Fe—N, could be boosted by adjacent Fe/
Fe;C nanocrystals, while the encapsulated Fe/Fe;C could
activate the surrounding graphitic carbon layers to enhance
ORR activity [67].

3.2.3 Creation of single-atom active sites

Single-atom catalysts (SACs) with isolated metal atoms
dispersed on solid supports have attracted extensive research
attention. Conventional heterogeneous catalysts usually
contain a broad size distribution of metal particles. However,
only a portion of particles with suitable sizes can serve as
catalytic species, while other particles may be inert or lead to
undesired reactions, resulting in a low metal utilization ef-
ficiency and thereafter a high metal consumption and low
gravimetric activity. The development of SACs can enable
the sufficient use of metal resources and facilitate atomic-
utilization efficiency.

Recently, Zhang et al. [68] reported an ORR catalyst with
atomic level dispersion of Fe sites based on bimetallic
strategy. The aberration corrected electron microscopy and
EXAFS of K-edge of Fe confirmed that there were highly
dispersed FeN, sites without aggregated Fe particles inside
the porous carbon. This catalyst showed a half-wave poten-
tial of 0.85 'V, only leaving a 30 mV gap with Pt/C in acidic
media. Due to the presence of Fe in electrodes may generate
free radicals causing serious degradation of the membrane
(that is the Fenton reaction), Fe-free cathode catalysts are
therefore demanded in practical industry applications. Si-
milarly using the bimetallic strategy, Co-doped ZIF-8 pre-
cursors could convert into a high-performance nitrogen-
coordinated single Co atom catalyst, which are verified by
high-angle annular dark-field (HAADF) scanning transmis-
sion electron microscope (STEM) coupled with electron
energy loss spectroscopy (EELS). This atomically dispersed
CoN, catalyst showed exceptional ORR activity and stability
in acidic media with a half-wave potential of 0.80 V, which
was comparable to Fe-N—C catalysts [69].

Carbon corrosion of catalysts will lead to the dissolution of
metal sites, which induces significant charge and mass
transport resistances due to the changes of carbon lattice
structures and morphologies. Thus, high degree of graphiti-
zation is vital to enhance the resistance of the catalysts. Mn
doping has been discovered to promote the stability of na-
nocarbon catalysts and catalyze graphitic structures. More
importantly, Fenton reactions can be restrained because of
the weak reactivity between Mn and H,0,. However, Mn
ions cannot easily exchange with Zn and form complexes
with N, and Mn aggregates easily during carbonization even

Sci China Chem  April (2019) Vol.62 No.4 423

at a low content. Synthesizing carbonaceous catalysts with a
high content of atomically dispersed MnN, sites is therefore
a quite challenging target. Recently, Li ef al. [70] reported a
catalyst with atomically dispersed MnN, sites obtained
through a two-step doping and adsorption processes from
ZIF-8 precursor (Figure 7(a)). The Mn content in the ob-
tained catalyst was comparable to other atomically dispersed
Fe and Co ones, avoiding the formation of unstable and in-
active metallic compounds during the heat treatment. Evi-
dence for the embedding atomic MnN, sites within the
carbon matrix was established by X-ray absorption spec-
troscopy, aberration corrected electron microscopy, and
medium-angle annular dark field (MAADF) STEM coupled
with EELS (as shown in Figure 7(b, c)). The Mn—N-C cat-
alyst exhibited a half-wave potential of 0.80 V, approaching
that of Fe-N—C catalyst, along with significantly enhanced
stability in acidic media (Figure 7(d)). First-principles cal-
culations further supported that MnN, sites could promote
ORR activity via a 4¢ pathway in acidic media.

4 MOFs for OER

Researches towards MOF-based OER catalysts are less than
those related to ORR since major suitable catalysts are oxi-
des and hydroxides of transition metals. Actually, MOFs are
becoming much more popular for OER. The metal-ligand
coordination sites are allowed to prepare some novel OER
active sites. Combination of MOFs with different substrates
enables further enhancement in the catalyst activity. Fur-
thermore, MOFs can act as the sacrificial templates to pro-
duce different metal compounds for utilization in the OER
process.

4.1 Pristine MOFs for OER

Benefitting from the tunable structures, the catalytic active
sites of MOFs can be modified by introducing heteroatoms/
ligands or creating unsaturated coordination environment for
enhanced performance. Converting traditional bulk MOFs
into 2D nanosheets can greatly enhance the electrocatalytic
activity due to several advantages [71]. First, high percen-
tage of active sites will expose with increased surface areas.
Second, nanoscale thickness ensures rapid mass transport
and charge transfer. Two-dimensional ultrathin MOF na-
nosheets (NiFe-UMNSs) were synthesized through a simple
ultrasonic oscillation method. 2D layered structure could be
clearly certified by using TEM and atomic force microscope
(AFM) (Figure 8(a, b)). NiFe-UMNSs exhibited superior ac-
tivity with a low onset potential of 1.45 V and a low over-
potential of 260 mV to reach 10 mA cm~ in alkaline
electrolyte. High durability of the nanosheets was also con-
firmed by maintaining at an overpotential of 280 mV for
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10000 s, and only 4.8% current loss was detected (Figure 8
(c, d)). DFT calculations demonstrated that NiFe-UMNSs had
a much lower energy barrier for OH’, and XPS showed that
the addition of Fe could generate higher valence state Ni,
which possessed a stronger ability of accepting electrons and
accelerated the charge transfer. Additionally, the combina-
tion of Ni and Fe could optimize the filling of e,-orbit and
further enhance the catalytic activity for OER [72]. Another
2D shaped NiCo-UMOFNs exhibited OER activity with an
overpotential of 250 mV to achieve a current density of
10 mA cm * and current density unchanged between 1.50
and 1.52V for 10000s. The coordinatively unsaturated
metal sites and coupling effect between Co and Ni con-
tributed to this high performance [73].

By directly growing MOFs on nickle foam (NF), the OER
performance would be further enhanced. Recently, Li et al.
[74] partly replaced the FeOg4 octahedrons with NiO4 ones in
MIL-53 and obtained Fe/Ni bimetallic MOFs. When in-
troducing the third metal ions (C02+) and growing MOFs on
the NF, the OER performance could be further enhanced
compared to Fe/Ni-MIL-53, which was among the best OER
catalysts reported to date. The optimized Fe/Ni/Co-MIL-53
could reach a current density of 20 mA cm ” at a low over-
potential of 236 mV with a small Tafel slope of 52.2 mV dec !
The incorporation of Fe could lead to higher valence of Ni
and Co, which was crucial in modulating electronic proper-
ties of Ni, thus all these factors promoted the OER activity.
Although great efforts have been made to improve the per-
formance and stability of pristine MOFs, the skeleton of

MOFs may generate inevitable changes due to the high po-
sitive potentials applied during the OER process, which are
not clear yet. In-situ characterization techniques and com-
putational methods can give information about the reaction
process and provide guidance for catalyst design.

4.2 MOFs derived materials for OER

4.2.1 Conversion of MOFs into metal nanoparticles

3d transition metals (for example, Fe, Co, Ni) and their alloys
have high intrinsic activities for OER. However, bulk or
aggregated particles have no distinct advantages due to their
low specific surface areas and few exposed active sites.
Furthermore, the bare 3d transition metals under strong al-
kaline media and high overpotentials are not stable. Actually,
metal nanoparticle-based catalysts are rare because the OER
potential is high enough to oxidize most non-noble metals.
To improve the performance, encapsulating these nano-
particles into graphene or carbon nanotubes can be an ef-
fective method.

By annealing Ni-MOF in N, atmosphere, Ni nanoparticles
encapsulated in few-layer N-doped graphene (Ni@NC) were
obtained. By controlling the annealing temperature, gra-
phene layers surrounding Ni nanoparticles with suitable
thickness and conductivity could be generated, where elec-
trons transferred from Ni cores to graphene layers. The N-
doping could tune the binding energies of reaction inter-
mediates and the corresponding activity. It was observed that
the surface of Ni was partially oxidized, which could also act
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Figure 8 (a) SEM image, (b) AFM image of NiFe-UMNSs. (c) LSV
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Reprinted with permission from Ref. [72]. Copyright 2018 Elsevier (color
online).

as active sites [75].

The porous Ni NF as a substrate can augment the elec-
trode-electrolyte interface and minimize ohmic loss. Grow-
ing stacked lamellar Ni(BDC) sheets on the NF prior to high-
temperature annealing constructed a hierarchical archi-
tecture. Ni nanoparticles provided active sites, and the car-
bon matrix offered conductive pathways as well as protection
to the Ni nanoparticles. Additionally, after high-temperature
calcination, the lamellar structure slightly expanded, which
further facilitated the infiltration of electrolytes and en-
hanced the mass and charge transportation. With this ad-
vanced architecture, the catalyst afforded a current density of
10 mA cm ~at a overpotential of 265 mV [76].

When using trimetallic ZIF (FeNiZn-ZIF) as the pyrolysis
precursor, catalyst containing FeNi alloy nanoparticles en-
capsulated in N-doped CNT was obtained. It reached
10 mA cm > with a 300 mV overpotential and exhibited a low
Tafel slope of 47.7 mV dec '. The TEM image revealed that
FeNi alloy nanoparticles were embedded at the terminals of
CNTs. XPS spectrum showed that there was no metal oxide/
hydroxide formed even after long-term electrolysis process.
Thus, the OER active sites were determined to be FeNi alloy
instead of FeNi oxide/hydroxide [77].

Co nanoparticles encapsulated in graphitic carbon can also
act as OER catalyst [78-80]. Actually, the surface oxidized
Co formed during the OER process is thought to be the active
site. The synergistic cooperation of in situ formed oxidized
Co layers and metallic Co cores plays an important role in
enhancing the OER performance. The metallic Co under-
neath is a current reservoir to provide electron pathways to
the outer oxidized Co.
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4.2.2 Conversion of MOFs into metal oxides

As discussed in the section above, during the OER process,
metal nanoparticles will transform into oxidized forms, and
the actual active sites are often the oxidized metal compo-
sites. Therefore, directly converting MOF precursors into
metal oxides by high-temperature pyrolysis is a more
straightforward way.

A series of layered 2D MOFs were fabricated and acted as
templates to construct metal oxide/carbon (MO,/C, M=Co,
Ni, and Cu) nanosheets arrays for OER. The resulting highly
oriented arrays displayed improved activity and durability.
After pyrolysis, an opened-up network structure constructed
by the interconnected 2D nanosheets could be obtained. The
2D arrayed structure incorporated with C could help rapid
decomposition of OH’, which enhanced the OER activity.
This method could even grant the poorly active Cu,0-based
catalysts with high performance in terms of both activity and
durability [81].

Similar to MOF-derived ORR catalysts, bimetallic oxides
derived from MOFs could also promote the OER activity.
The replaceable nature of metal cations in MOFs makes it
easy to tune the calcined products. In the study by Lu et al.
[82], porous CoFe,0,/C composites were obtained by one-
step pyrolysis of MOF-74-Co/Fe nanorod arrays. The cata-
lyst exhibited excellent activity and stability (a low potential
of 147V at 10mA cm ~ and ~7.5% potential increase at
100 mA cm > for 60 h). Xu et al. [83] synthesized C-con-
fined NiCo@NiCoO, core@shell nanoparticles by carboni-
zation of the bimetallic NiCo-MOF microrod arrays (Figure
9(a—c)). The oxygen vacancies in these arrays could sig-
nificantly improve the conductivity of NiCoO, and accel-
erate the kinetics of oxidation reactions (Figure 9(d)).
Interestingly, there existed the Schottky barriers between
NiCo and NiCo0O,, which could also obviously enhance the
conductivity.

Recently, molybdenum-based compounds have been fre-
quently used as composition tuning agents and are found to
promote the electrocatalytic activity and stability. Using
MOFs loaded with Mo source as precursors, the derivative
hybrid structure will be a good candidate for OER. Well-
defined 3D nanowire-assembled hybrid materials of CoO,-
MoC/NC were fabricated. The formation of CoO,-MoC
heterostructures and their synergistic effect facilitated the
reaction kinetics, leading to an onset overpotential of merely
290 mV, and a low overpotential of 330 mV to afford a
current density of 10 mA cm [84]. Another novel nanoc-
age-structured CoO-MoO, composite was designed by using
ZIF-67 as template. The incorporation of Mo could protect
the nanocage structures from collapsing. The formation of
conductive MoO,, the enlarged surface area and the intrinsic
activity of CoO all contributed to the high performance of
Co0O-MoO, (#=312 mV at 10 mA cm ~ as well as good sta-
bility) [85].
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Figure 9 (a) Schematic illustration for the fabrication of Ni-Co@N-
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[83]. Copyright 2018 John Wiley and Sons (color online).

4.2.3 Conversion of MOFs into metal chalcogenides
Transition metal chalcogenides, namely, sulfides and sele-
nides, have become robust earth-abundant OER catalysts
with the capacity to lower the overpotential. Especially, co-
balt chalcogenides are attracting lots of attention. However,
the poor electrical conductivity makes the performance of
cobalt chalcogenides unsatisfactory. Thus, growing or sup-
porting them on the conductive carbon-based substrates can
be an effective way.

Wu et al. [86] prepared CoySg nanoparticles-embedded N/
S-codoped carbon nanofibers through calcinating the core-
shell ZIF-wrapped CdS nanowires. During the pyrolysis,
CdS was reduced by carbon to produce evaporative Cd metal
and release S. As a result, S could react with Co to form
Co,Sg and insert into the carbon matrix to form N/S-codoped
carbon. The annealed product inherited the morphology of
the precursor, giving rise to a large surface area and pro-
viding abundant accessible active sites. Consequently, a low
overpotential of 302 mV at 10 mA cm  and a small Tafel
slope of 54 mV dec”' were achieved. Another Co/CoySg
core-shell structure anchored onto N/S-codoped porous
graphene sheets was fabricated by pyrolyzing the S,N-con-
taining dual organic ligands assembled Co-MOFs on gra-
phene oxide. The results showed that the obtained catalyst
could afford an overpotential of 290 mV at a current density
of 10 mA cm slightly better than that of commercial RuO,
[87].

Cobalt selenides can also participate in the OER process.
Co-MOF-74 derived CoSe, [88], ZIF-67 derived Co,gsSe
[89], and bimetallic NiFe-MOF derived NiSe,/Fe;Se, hy-
brids [90] all exhibited good performance and high stability.
Specially, tellurium possesses the intrinsic metallic feature
different from O, S, and Se, and for CoTe,, the 3d electrons
of Co adopt a low-spin coordination in the form of t2g6eg',
providing CoTe, metal conductivity. Thus, the metallic
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properties of CoTe, made it proper to perform as an OER
catalyst [91,92].

4.2.4 Conversion of MOF’s into metal phosphides
Transition metal phosphides (TMP) are promising partici-
pants for OER due to their high abundance, low cost, and
great acid-base stability in the pH range of 0—14. Compared
to monometallic phosphides, the dopants and the host metal
atoms in homo-bimetallic phosphides have charge transfer
and their electronic structures can be optimized to reduce the
kinetic energy barriers during the catalytic processes.

The Co,Ni,P nanotubes were prepared via low temperature
phosphorization from CoNi-MOF-74. It has been reported
that Ni is more beneficial for desorption of OH , while Co
has higher activity for the Tafel steps. Hence in Co,Ni,P, the
surface Ni accelerated water dissociation with high effi-
ciency and Co made gas generation and release easy [93]. In
another work by He et al. [94], ZIF-67 nanocubes first
formed NiCo-LDH on the surface, and then converted into
novel NiCoP/C nanoboxes by phosphorization (Figure 10).
The obtained NiCoP/C nanoboxes had a much larger elec-
trochemical active surface area (ECSA) and a much lower
electron-transfer resistance. During the OER process, the
surface Ni and Co cations were partially oxidized into
NiOOH and CoOOH. Thus, Ni,P/NiOOH and CoP/CoOOH
core-shell structures were the actual active sites. More in-
terestingly, tricomponent metal phosphides (CoNi,Fe; os-Z-
H-P) were synthesized and proven to have excellent per-
formance as OER catalyst. The simultaneous introduction of
Ni and Fe could adjust the electronic structures of the derived
metal phosphides, producing low ohm resistance (R,), low
charge-transfer resistance (R,), and low OER activation
energy, thus promoting charge transfer and accelerating
catalysis kinetics. After the first CV cycle, the formation of
highly OER-active layer could protect the phosphide phases
in bulk from further oxidation. Excellent OER activity and
long-time stability were achieved with an overpotential of
329 mV at 10 mA cm ~ and Tafel slope of 48.2 mV dec ',
benefiting from the electronic structure evolution in the tri-
component metal phosphides as evidenced by XPS and
XANES/EXAFS analysis [95].

All the examples mentioned above were converted to
metal phosphides via calcination and subsequent phosphor-
ization procedure. By direct pyrolysis of a layered phos-
phonate-based MOF (H;LCo), a kind of cobalt phosphate
carbon hybrid (Co—P—-C) was prepared. This composite had
high content of Co,P,0; consisting of di-u-oxo bridged edge-
sharing CoOg4 and CoOjs polyhedrons. The distorted metal
coordination geometry with longer Co—O and Co—Co dis-
tances would lower the activation barrier of the formation of
0-0 bond, thus favored OER process with a small over-
potential of around 260 mV for reaching a current density of
10 mA cm  [96].
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5 Conclusions

Since ORR and OER are two basic reactions in the electro-
chemical systems, developing catalysts with high activity,
superior stability, and cost-efficiency is a forever pursuit. In
virtue of the high surface area, diversity of the organic li-
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gands, tunable metal nodes, and capacity to incorporate
functional components, MOFs or their derived composites
can serve as promising candidates for the ORR/OER process.
Herein, we summarize recent research progress and strate-
gies on MOF-based novel electrocatalysts for ORR and
OER. Despite the extensive advances have been achieved
(Tables 1, 2), most state-of-the-art catalysts still need large
overpotentials of 0.25 to 0.4 V to reach the expected current
density. Therefore, more researches are still needed and the
following concerns are suggested for consideration in the
future work.

(1) Development of active sites. Currently, precisely fab-
ricated heteroatom-doped carbon, Fe/CoN,C,, Fe/Co@N,C,,
and some transition metal single-atom active sites are mostly
used in catalyzing ORR. For OER, Fe/Co/Ni-oxides, chal-
cogenides, and phosphides seem to be the major active
components. The big MOFs family with rich chemical
compositions and various tunability gives us great chances to
expand the scope of active sites, not limited in the present
stage. Further optimization and integration of the current
systems should also be executed for better performance.

(2) Identification of active sites. Two strategies are gen-
erally accepted to improve the activity of catalyst: increasing

Table 1 Summary of ORR performance of MOF-based catalysts
Catalyst Active sites Eoneer (V) E, (V) Ref.
NPC-1000 Doped-N 1.020 0.902 [47]
NGPC-1000-10 Doped-N 0.947 0.767 [37]
N,S-NH;-C-7 Doped-N, S - 0.837 [39]
MIL-88B-NH; Fe/FeC, 1.030 0.920 [97]
Co@Co;0,@C-CM Co/Co;0, 0.930 0.810 [98]
LDH@ZIF-67-800 Co-N 0.940 0.830 [99]
H-CoNC Co-N, 0.872 0.796 [53]
Co@NC-MOF-2-900 a(rjl(()iNCX:)(Iii. 0.930 0.820 [63]
20Co-NC-1100 Co—N, 0.930 0.800 [69]
C-Fe-Zg-Ar Fe-N, 0.950 0.820 [65]
Fe-ZIF-50 nm Fe-N, - 0.850 [68]

Table 2 Summary of OER performance of MOF-based catalysts
Catalyst Active sites 7@10 mA cm * (mV) Tafel slope (mV dec ) Ref.
FeNi@NCNT FeNi alloy 300 48 [77]
2D Co,;0,/CBDC Co30, 208 50 [81]
CoMo-H Co0O-Mo0O, 312 69 [85]
NF@NC-CoFe,0,/C NRAs CoFe,0, 240 45 [82]
CoySg/NSCNFs-850 CoySg 302 54 [86]
CoSe,-450 CoSe, 330 79 [88]
CoTe,@NCNTFs CoTe, 330 83 [91]
CoP/rGO-400 CoP 340 66 [100]
NiCoP/C nanoboxes NiCoP 330 96 [94]
H;LCoCN800 Co,P,0, 320 64 [96]




428 Zhang et al.

the number of active sites and increasing the intrinsic activity
of the active sites. Therefore, identification of the nature of
the active sites should be the first step to design the catalysts.
In-situ characterization techniques and computational
methods can give information about the reaction process and
provide guidance for catalyst design.

(3) Structural design of catalysts. During the pyrolysis and
post-modification process, the skeleton of MOFs may col-
lapse and cause inevitable agglomeration, thus severely
hinders the active sites. Recently, electrospinning and tem-
plate-assist growth have been applied to the synthesis of
MOFs. These approaches can notably increase the active
sites and enhance the mass and electron transfer.

(4) Extension to industrial application. As yet, researches
mainly focus on the performance of the catalysts at the la-
boratory application stage. A scalable process suitable for
large scale production of low cost and high efficiency cata-
lysts for actual industrial application is needed.

In summary, as emerging organic-inorganic hybrid porous
materials, MOFs are promising precursors to fabricate
electrocatalysts with unique characteristics for ORR and
OER. Although there are still many challenges, the combi-
nation of experiment and theory will create new opportu-
nities for discovery and breakthrough to the vast field of
energy and environment-related applications.
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