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/Abstract: Rational design and synthesis of efficient electro-
catalysts are important constituents in addressing the cur-
rently growing provision issues. Typical reactions, which are
important to catalyze in this respect, include CO, reduction,
the hydrogen and oxygen evolution reactions as well as the
oxygen reduction reaction. The most efficient catalysts
known up-to-date for these processes usually contain expen-
sive and scarce elements, substantially impeding implemen-
tation of such electrocatalysts at a larger scale. Metal-organic
frameworks (MOFs) and their derivatives containing afforda-
ble components and building blocks, as an emerging class
of porous functional materials, have been recently attracting

-

a great attention thanks to their tunable structure and com-
position together with high surface area, just to name a few.
Up to now, several MOFs and MOF-derivatives have been re-
ported as electrode materials for the energy-related electro-
catalytic application. In this review article, we summarize
and analyze current approaches to design such materials.
The design strategies to improve the Faradaic efficiency and
selectivity of these catalysts are discussed. Last but not least,
we discuss some novel strategies to enhance the conductivi-
ty, chemical stability and efficiency of MOF-derived electro-
catalysts.

/

1. Introduction

Electrocatalysts are crucial for various renewable energy provi-
sion schemes. The latter involves several reactions such as hy-
drogen evolution reaction (HER)," oxygen evolution reaction
(OER),”” oxygen reduction reaction (ORR)® and carbon dioxide
reduction reaction (CO,RR)." The present use of catalysts for
HER, OER and ORR typically require elements, which are earth-
scarce and often expensive.”) While earth-abundant transition
metals have shown promise in a number of electrocatalytic ap-
plications.””” Their direct use suffers from various undesirable
effects such as aggregation, low efficiency and unstability. De-
spite the fact that affordable metal electrodes such as copper,
zinc and tin are usually utilized to catalyze electrochemical CO,
reduction.”’ They often confronted with low Faraday efficiency
and not acceptable selectivity. Rational design of electrocata-
lysts providing high efficiency and selectivity is nowadays a
great challenge in this particular case.

Many efforts have been made during the last decades to
design efficient HER, OER, ORR, and CO,RR electrocatalysts.
These materials enable high current densities at low overpo-
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tentials and low catalysts loadings with long-term stability and
high selectivity in diverse electrochemical conversion sys-
tems.”® Among the reported electrocatalysts, MOFs and MOF-
derived materials have demonstrated their advantages through
the uniquely controlled structure, high surface area, tunable
pores, designable metal nodes and organic linkers to tailor the
electrode surface morphology.” Generally, there are three
main steps in an electrocatalytic process: i adsorption of
reactants at active surface sites; ii) formation of reaction inter-
mediates and iii) desorption of the resulting products. Thus,
the design strategies to improve efficiency and selectivity
could focus on increasing the number of actives sites and opti-
mizing their adsorption properties (electronic structure). The
merits of MOFs and MOFs derivatives would allow them to
adjust the number of catalytic centers with high efficiency and
optimize the electronic properties with relatively high predicta-
bility.

Herein, we will focus on the strategies to design MOF-based
electrocatalysts with high efficiency and selectivity for HER,
OER, ORR and CO,RR.

In the beginning, the approaches for increasing the density
of the exposed active sites will be considered. Generally, the
use of MOF-based materials can tailor the number of exposed
catalytic centers due to their high and/or tunable surface
area.'"” For instance, fabrication of MOFs as ultrathin nano-
sheets or thin film can provide the opportunities to achieve
high density of the exposed active sites."" On the other hand,
utilization of nanostructured/porous supports'? and downsiz-
ing/shaping the electrocatalysts™ would also be a promising
way to increase the number of exposed active sites. For exam-
ple, Li and co-workers reported an example of preparing Co-
based nanoparticles embedded in hollow N-doped carbon
polyhedra for boosing the ORR/OER from pyrolysis-oxidation
with Co-based MOF precursor.™ These concepts offer the
merits of high surface area and abundant hierarchical pores to
increase the density of exposed active sites and accelerate the
charge transfer. Afterwards, we will analyse strategies to in-
crease the intrinsic activities of the MOFs and MOF-derivatives
since the intrinsic activities of the electrocatalysts control the
adsorption abilities of the catalysts surface towards reactants,
reaction intermediates and products, and further determine

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the selectivity of the products. The intrinsic activities of the
MOFs and MOF-derivatives are influenced by intrinsic charac-
teristics, including electronic properties, conductivity, and sta-
bility, etc. In the following sections, the modulation of the
metal noded/organic linkers," loading nanoparticles/guest
molecules into porous MOFs or

MOF-derivatives,® rationally chosen of MOF as electrocata-
lysts and carbonizing the MOFs to conductive carbon-based
materials,"® will be discussed for improving the electronic
properties and conductivities of the MOF-based catalysts and
further optimizing the intrinsic activities of MOF-based cata-
lysts. Regarding the construction of electrically conductive
MOFs, we will guide the readers to the reported reviews."” Be-
sides, The stability of the electrode materials is crucial for the
long-term duration. Therefore, the stability of the MOFs on the
electrode will be discussed in the corresponding section (strat-
egy). While the discussion of the stability of the MOFs them-
selves (e.g. in water, etc.) also will be guided to the previous
review."'¥

2. Design of MOF-based materials with high
activity towards water splitting and oxygen
reduction reaction

2.1. MOF-based electrocatalysts for the hydrogen evolution
reaction

The typical electrochemical water splitting consists of two half-
reactions: one is the hydrogen evolution reaction, and another
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is the oxygen evolution reaction that occurs at the cathode
and anode sides, respectively."”

In principle, HER is a two-electron transfer reaction; and in
both acidic and alkaline conditions it can be described as
given below:

In acidic media:

2H" +2e —H, (1)
In neutral or alkaline media:
2H,0+2e” — H, +20H" (2)

Electrochemical processes usually need sufficient energy to
overcome activation energy barriers, which are associated with
so-called overpotentials in electrochemistry. By utilization of
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Figure 1. Schematic illustration of the hydrogen evolution mechanism in
acidic media. Reproduced with permission from reference [20a]. Copyright
2014, Royal Society of Chemistry.

appropriate electrocatalysts, the overpotential can be reduced
substantially and the reaction rate and efficiency can be in-
creased. In acidic media, the HER is considered as a multi-step
reaction [Egs. (3)-(5)]. Depending on the applied potential and
electrocatalyst surface, the HER can proceed through two pos-
sible reaction pathways, which can be in some cases distin-
guished experimentally (Figure 1).2” The first step is known as
the Volmer step:?°*2" one electron is transferred through the
interface, and one proton is adsorbed at the surface of the cat-
alyst resulting in the adsorbed hydrogen atom [Eq. (3)]:

H,0" +M + e — M-H,q + H,0 (3)

where M designate one surface adsorption site. The Volmer
step can be followed by so-called
Heyrovsky step according to the following Scheme:

M-H,4, + H;0" + e — M+ H, + H,0 (4)

Alternatively, the Tafel step or chemical desorption can occur
[Eq. (5)I:

2M-H,4y = H, +2M (5)

Currently, Pt-based catalysts show the best performance for
the HER in the absolute majority of cases.”” However, their
high cost and limited availability often question their high-
scale applications.”® Thus, the development of earth-abundant
alternatives is of great importance. Over the past decade, nu-
merous strategies and compounds have been explored to de-
velop efficient and low price non-noble electrocatalysts for
HER, such as transition metal compounds,”®?¥ carbon-based or
heteroatom-doped carbon materials®'>**’ and conducting poly-
mers.’® Recently, MOFs, which constructed by the coordina-
tion bonding of metal ions or clusters as inorganic building
nodes and organic ligands as linkers, have attracted a quickly
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growing interest as electrocatalysts or precursors to electroca-
talysts owing to their high specific surface area, well-defined
porous structures and readily accessible active sites.”” The uti-
lization of MOFs as active materials is possible to maximize the
density of catalytically active sites and to optimize their bind-
ing strength to reaction intermediates.”® MOFs have been
proved to be a class of ideal templates or precursors for elec-
trocatalytic reaction, due to their innate porosity and abundant
carbon source from the organic ligands.”’*%<*! Tremendous
efforts have been made to improve electrocatalytic per-
formance of MOFs (Table 1) and MOFs-derived materials
(Table 2), including the composition morphology engineering
(hollow or yolk-shell structures,*” 3D networks,®" 2D nano-
sheets,® 1D nanowires® and 0D nanoparticles or quantum
dots®) and the substrate engineering.***! The conductivity
of electrocatalysts is one of the parameters that largely influen-
ces the efficiency of electrocatalytic systems. However, most of
the reported MOFs are semiconductors or insulators. In order
to improve electrocatalytic performance, conductive MOFs are
welcome. At this point, the strategy based on modulating the
metal nodes and organic linker and further tailoring the struc-
ture, which denoted as structure engineering, is employed to
build conductive MOFs."7** Nishihara et al synthesized nickel
bis(dithiolene) complex nanosheets via a liquid-liquid interfa-
cial reaction to give the material with high conductivity of
0.15Scm™" at 298K and a reversible redox activity, which
could lead to applications in electrocatalytic processes.**® Af-
terwards, Marinescu et al achieved two-dimensional metal-or-
ganic surfaces through a coordination reaction between cobalt
dithiolene and a trinucleating conjugated ligand (Figure 2).5”
The developed nanostructured material was used to catalyse
the HER under fully aqueous conditions and reach 10 mAcm™
current density with a relatively moderate overpotential of
0.34V at pH 1.3. Furthermore, Marinescu et al modulated the
metal nodes and organic linkers to achieve the synthesis of
metal selenolate polymers via integrating benzene-1,2,4,5-tet-
raselenolate with cobalt and nickel (Figure 2b and c).*®¥ The
cobalt selenolate polymer can catalyse the HER, achieving a
current density of 10 mAcm™ at the overpotential of 343 mV
at pH 1.3.

Based on the tailoring, the metal nodes and organic linkers,
Feng et al have made great efforts in terms of immobilizing
molecular metal dithiolene complexes on two-dimensional
MOFs.B? They demonstrated a reliable Langmuir-Blodgett (LB)
method for the synthesis of two-dimensional supramolecular
polymer single-layer sheets. The as-prepared triphenylene-
fused nickel bis(dithiolene) complexes showed a 10 mAcm
HER current density at a slightly lower operating overpotential
of 333 mV.”*® Furthermore, they constructed a type of novel
two-dimensional MOFs by incorporating organic ligands
(2,3,6,7,10,11-triphenylenehexathiol and 2,3,6,7,10,11-tripheny-
lenehexamine) with metal cobalt and nickel ions.*® These
cobalt-based electrocatalysts demonstrated even lower operat-
ing overpotential of 283 mV to achieve an HER current density
of T0mAcm~2 in 0.5m H,SO, aqueous solutions. Meanwhile,
another strategy was elaborated by the same group to further
improve HER performance via coupling the two- dimensional

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Typical examples of HER activities of pristine MOFs.
Material Strategy used Electrolyte Substrate Overpotential [mV] Ref.
at 10 mAcm™?

Cobalt dithiolene films MOS-1 (2D) structure engineering H,SO, solution pH 1.3 glassy carbon 340 [37]
Cobalt dithiolene films MOS-2 (2D) structure engineering H,SO, solution pH 1.3 glassy carbon 530 [371
cobalt selenolate polymer composition engineering 0.1 m NaOCl, pH 1.3 glassy carbon 343 [38]
THTNi 2DSP sheets (2D) structure engineering 0.5 M H,SO, solution glassy carbon 333 [39b]
THTNi 2DSP sheets (2D) structure engineering 0.05 m KOH pH 15.3 glassy carbon 574 [39b]
THT-Co single-layer (2D) structure engineering 0.5 M H,SO, solution glassy carbon 323.0+20 [39a]
THTA-Ni single-layer composition engineering 0.5 M H,SO, solution glassy carbon 315.0+1.7 [39a]
THTA-Co single-layer composition engineering 0.5 M H,SO, solution glassy carbon 283.0+1.5 [39a]
THTA-Co/G substrate engineering 0.5 m H,SO, solution graphene 230.04+2.2 [39a]
POMOF &(trim),; composition engineering 1™ LiCl+HCl pH 1 carbon paste - [40]
Ni-BTT composition engineering 0.1 m NaClO, pH 1.3 glassy carbon 470 [44]
NENU-500 composition engineering 0.5 M H,SO, solution glassy carbon 237 [41]
NENU-501 composition engineering 0.5 M H,SO, solution glassy carbon 392 [41]
NENU-499 composition engineering 0.5 M H,SO, solution glassy carbon 570 [41]
NENU-5 composition engineering 0.5 m H,SO, solution glassy carbon 585 [41]
e(trim),; composition engineering 0.5 M H,SO, solution glassy carbon 515 [41]
HKUST-1 composition engineering 0.5 M H,SO, solution glassy carbon 691 [41]
Ru-é&,(trim), composition engineering 0.1 M H,SO, pH 1 glassy carbon 617 [45]
€(BTB)4/3 composition engineering 0.1 M H,SO, pH 1 glassy carbon 576 [45]
Co-¢(trim) (bpy), (1D) structure engineering 0.1 M H,SO, pH 1 glassy carbon 452 [45]
Co-¢(BTB),3 composition engineering 0.1 M H,SO, pH 1 glassy carbon 419 [45]
Ru-¢,(biphen), composition engineering 0.1 M H,SO, pH 1 glassy carbon 337 [45]
PPh,-&,(trim), composition engineering 0.1 M H,SO, pH 1 glassy carbon 335 [45]
GO/Cu-MOF substrate engineering 0.5 m H,SO, solution glassy carbon 209 at 30 mAcm™? [46]
NiFe-MOF/nickel foam substrate engineering 0.1 m KOH solution nickel foam 134 [32a]
Table 2. Activities of some MOF-derived materials towards the HER.
Material Strategy used Electrolyte Substrate Overpotential Ref.

[mV]

at

10 mAcm 2
PtCoFe@CN composition engineering  0.5m H,SO, solution glassy carbon 45 [47a]
Ni-0.2NH, composition engineering 1M KOH solution glassy carbon 61 [34a]
Ni@graphene composition engineering 1M KOH solution glassy carbon 240 [57]
CoP NRAs composition engineering  0.5m H,SO, solution glassy carbon 181 [58]
Ni,P-CoP composition engineering  0.5m H,SO, solution glassy carbon 105 [59]
C0y55:5e@NC composition engineering 1M KOH solution glassy carbon 230 [60]
CoS,-(0.2-0.02)-12 composition engineering 1w PBS buffer solution pH 7 FTO film 168 [50]
W-SAC(single composition engineering 0.1 m KOH/0.5 m H,SO, glassy carbon 85/105 [28b]
atom catalyst)
Ni;ZnC,,-550 composition engineering 1M KOH solution glassy carbon 93 [61]
ZNn430C0, 7054 composition and structure  0.5wm H,SO,/0.1 M phosphate buffer/1m KOH glassy carbon 80/90/85 [30b]

engineering
CoP hollow polyhedron structure engineering 0.5m H,SO, solution glassy carbon 159 [53a]
hollow bimetallic Zny,Coy,Se,  composition and structure 0.5m H,SO, solution glassy carbon 140 [30a]
engineering

Co,Ni1P nanotubes structure engineering 1M KOH/1 ™ PBS/0.5m H,SO, rotating disk electrode ~ 129/134/131  [33a]
Co-P@NC structure engineering 0.5m H,SO, solution glassy carbon 98 [32b]
CoP/NCNHP hollow polyhedron structure engineering 0.5m H,50,/1m KOH glassy carbon 140/115 [62]
CoS,@MoS, microcubes structure engineering 0.5m H,SO, solution glassy carbon 239 [63]
CoS, NTA substrate engineering 1M KOH solution carbon cloth 193 [55]
Co@NC/NF substrate engineering 1M KOH solution nickel foam 240 [47Db]
CoP/rGO-400 substrate engineering 0.5m H,SO,/1 ™M KOH solution reduced graphene oxide 105/150 [35b]
Co-Ni-Se/C/NF substrate engineering 1M KOH solution nickel foam 90 [35a]
CoSe,/CF substrate engineering 1M KOH solution carbon fibers 95 [34b]
NF@Ni/C-600 substrate engineering 1M KOH solution nickel foam 37 [64]

MOFs with graphene. Based on these results, the efficient elec-
trochemical H, production might be ascribed to the unique

two-dimensional structure, conductive-conjugated organic li-
gands and the synergistic effect between metal, S and N.
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Figure 2. a) lllustration of synthesis of the two-dimensional cobalt dithiolene catalyst for the HER. Reproduced with permission from reference [37]. Copyright
2014, American Chemical Society. b) and c) The active sites of [NiFe] and [NiFeSe] hydrogenases in metal selenolate polymers and corresponding voltammetric
characterisation of these materials concerning the electrochemical hydrogen evolution activity. b) and c) Reproduced with permission from reference [38].

Copyright 2016, American Chemical Society.

Also, the introduction of polyoxometalates (POMs) into the
MOF frameworks is another promising concept to improve
HER activity. Nohra et al presented the first example using a
type of novel polyoxometalate (POM)-based MOF for HER.""
The reported (TBA);[PMo"sMo",054(OH),Zn,l[CsH;(CO0)51, 5
6H,0 (e(trim),;) (TBA=tetrabutylammonium) was synthesized
by grafting triangular 1,3,5-benzene tricarboxylate linkers on
the Zn-e-Keggin inorganic building blocks, and the structure
showed a high turnover number but the overpotential at a
current density of 10 mAcm™ for HER was not mentioned in
the literature. Remarkably, another two novels POM based-
MOFs (NENU-500 and NENU-501) with similar POM units and
different organic fragments were reported for HER by Qin et al.
in 2015.%" As shown in Figure 3, they were tested for the HER
activity in acidic aqueous solutions (0.5m H,SO,), and NENU-
500 exhibited the highest activity (with an overpotential of
237 mV at 10 mAcm?) If compared with other MOFs discussed
in this review. The high HER activity is probably ascribed to the
redox-active sites from the POMs.

Apart from the pristine MOFs, the MOF-derivatives also at-
tracted great attention for the HER. MOFs were applied as a
sacrificial template by taking the advantages of their porous
structures, controlled morphologies and easily tunable metal-
ligand junctions.””**? So far, a number of MOF-derived materi-

als have been developed via effective post-treatment under
various experimental conditions.”® To this approach, the cata-
lysts conductivity can also be optimized.

Pyrolysis of MOFs to result in the carbon-supported electro-
catalysts is one of the promising post-treatment techniques.
The composition of the pyrolysis products can be controlled
with relative ease by the MOFs precursors. We define the com-
position controllable process to convert MOFs to MOF-deriva-
tives as “composition engineering”. Based on the latter, the
well-organised MOFs can be easily converted into carbon-sup-
ported transition metal nanohybrids with ultrahigh porosity,
extraordinarily large surface area and high conductivity
after thermal treatment of MOFs in an appropriate atmos-
phere 28234471 The carbonization of MOFs into porous carbon
skeletons are one of the promising pathways for accelerating
electrons and ions transfer to improve the electrocatalytic ac-
tivity. For instance, Chen et al demonstrated that the MOF-de-
rived PtCoFe@CN electrocatalysts prepared by pyrolysis in a ni-
trogen atmosphere exhibit HER overpotential of 45 mV at
10 mAcm 2 (Figure 4).*7? This rather remarkable activity was
not only attributed to the modified electronic structures of the
active sites resulting from the alloying of Pt with Co and Fe,
but also originated from the good conductivity of N-doped
carbon shells. Furthermore, Wang et al developed an efficient

-2) S
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Figure 3. a) Schematics of the synthesis procedure for NENU-501 through the reaction of the dimeric Zn-e-Keggin unit and the BPT3- fragment. b) HER activity
assessment of different catalysts using the voltammograms recorded in 0.5wm H,SO,. Reproduced with permission from reference [41]. Copyright 2015, Ameri-

can Chemical Society.
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noble-metal-free catalyst for hydrogen evolution through the
pyrolysis of a Ni-based MOFs (Ni,(bdc),ted (bdc=1,4-benzene-
dicarboxylic acid; ted =triethylene-diamine)) in NH;2*! The
catalyst, composed of Ni nanoparticles and a surface-nitrided
carbon layer coating, exhibits the overpotential of 61 mV at
10 mAcm™. They also reported the unique carbon-removal
effect of NH; during pyrolysis of MOFs that might lead this ma-
terial to be one of the best for HER among the reported Ni-
based noble metal-free HER catalysts.

Apart from the development of pure metal or alloy nanopar-
ticles in carbon matrices, MOF-derived nanostructured transi-
tion metal carbides, nitrides, sulfides, phosphides and selenides
have also been explored as the catalysts for HER owing to
their special physical and chemical properties: (I) organic li-
gands-derived porous carbon skeletons play an important role
in promoting fast electron transfer and ions diffusion; (Il) ho-
mogeneously distributed transition metal hybrids in carbon
matrix show smaller size and more accessible active sites; (Ill)
various heteroatoms can significantly facilitate electrocatalytic
process by optimizing the electronic structures of metal atom
or species and improve electric conductivity.?”**? Among
non-precious transition metal hybrids, the group IV-VI metal
carbides and nitrides have attracted considerable attention
due to their distinct electronic structure, which may help to
easily adsorb and activate hydrogen.”®*“® For instance, Wu et
al demonstrated a novel MOF-assisted strategy to synthesize
porous MoC, nano-octahedrons for hydrogen production (Fig-
ure 5a and b).*®¥ In this work, they initially introduced poly-
oxometalates (POMs) guest into the pores of the MOFs host at
ambient temperature, and then the as-prepared samples con-
taining a substantial amount of Mo-based POMs were directly
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in situ-converted into MoC,-Cu during a heating process. Final-
ly, ultrafine primary MoC, nanocrystallites embedded in the
porous carbon matrix were obtained through the removal of
the metallic Cu with Fe*™ ions. Although the as-prepared MoC,
electrocatalyst showed higher overpotentials of 142and
151 mV to achieve current density of 10 mAcm™ in 0.5M
H,SO, and 1M KOH, respectively, the Tafel slope of MoC, elec-
trocatalyst (59 mVdec™) is smaller than that of the Pt/C cata-
lyst (113 mVdec™") with the same mass loading of the catalysts.
Also, transition metal phosphides, sulfides and selenides have
also been referred to as promising HER catalysts, because their
hydrogen evolution on the surface active sites behave some-
what like at the hydrogenase or nitrogenase. Xu et al. used Co-
MOF (ZIF-67) as the precursor and a template to synthesize
porous CoP concave polyhedron electrocatalysts with a low-
temperature multi-step calcination process.*” The as-prepared
sample showed an overpotential of 133 mV for obtaining at
10 mAcm 2 in 0.5m H,SO, (Figure 5¢ and d). A Tafel slope of
51 mV per decade was calculated in that case. The better cata-
lytic performance of porous CoP concave polyhedron should
be associated with the porous structure, large surface area and
highly conductive carbon network. Hod’s group developed a
facile experimental method to synthesize porous amorphous
CoS, by the electrochemical conversion of ZIF-67 MOF with
various potential scan rates during the CV-cycling.®” As shown
in Figure 5e and f, the as-prepared CoS,-(0.2-0.02)-12, ob-
tained after an electrochemical conversion of ZIF-67 (12
growth cycles) with altered scan rates from 0.2 to 0.02Vs™',
the overpotential of 168 mV at 10 mAcm™2 in neutral pH.
This work proposed a facile and general strategy to converse
MOFs into amorphous metal sulfides for electrocatalytic appli-
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cations through a room-temperature electrochemical conver-
sion.

Comparing to monometallic catalysts, bimetallic or multime-
tallic catalysts could provide the potential of enhanced activi-
ties and stability due to synergetic effects between different el-
ements. Fundamental studies and theoretical calculations have
proved that the introduction of more species should lead to a
significant improvement of charge transfer and optimization of
electronic structures at the surface of the catalysts20P341
MOF precursors enable relatively simple fabrication of multi-
metallic materials with controllable metal composition. For ex-
ample, a series of nickel-cobalt bimetal phosphide nanotubes
were synthesized by Yan et al. via a controllable low-tempera-
ture phosphorization strategy.**® Benefiting from the tunable
chemical composition of MOF precursors, the obtained Co,Ni,P
nanotubes with an optimized molar ratio of Co to Ni atoms
show an overpotential of 129 mV at 10 mAcm 2
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To date, most MOFs and MOF-derived materials usually deal
with the microporous structures (smaller than 2 nm) and large
particle sizes, which may seriously affect ion diffusion and the
number of accessible active sites.”? In order to address this
issue, the structure or morphology engineering, which based
on tuning the nanostructuring and morphologies of the cata-
lysts, gives the possibilities to make full use of their functionali-
ties via the construction of hollow or “yolk-shell” struc-
tures.*®>¥ For instance, Huang et al developed a simple MOF
self-template strategy to synthesize hollow polyhedral nano-
cages of bimetallic sulfides by solvothermal reaction and ther-
mal annealing (Figure 6a).%® The characterization results dem-
onstrated that the bimetallic sulfides can be easily obtained
through an in situ reaction between the bimetallic MOFs and
thioacetamide, and show promising electrocatalytic per-
formance over a wide pH range (Figure 6b and c). Particularly,
in acidic media, the optimal HER catalyst, namely Zn,3,C0,.,0S,
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needs the overpotential of 80 mV at 10 mAcm™2 with the Tafel
slope of 47.5 mVdec™'. Alternative and at the same time prom-
ising avenues of the morphology engineering are to design
0D, 1D and 2D nanostructures or their self-assembled 3D net-
works as these structures generally possess large surface area,
fast penetration of the electrolyte and more highly accessible
active sites on their surface.”>3%**¥ Most likely, inspired by this
avenue, Guan et al presented a template strategy to transform
the uniform 1D Co-MOF on the carbon cloth substrate into
unique hollow CoS, tubular arrays via a sulfidation reaction
with thioacetamide and a thermal treatment process (Fig-
ure 6d)."” Thanks to the unique hollow tubular structure with
an open space, the CoS, nanoarrays showed the overpotential
of 193 mV at the current density of 10 mAcm™ and a Tafel
slope of 88 mV per decade (Figure 6e and f). Remarkably, the
long-term HER stability of CoS, nanoarrays over 20 h at
200 mV overpotential with negligible degradation has been
demonstrated.

Additionally, the rational selection of substrates, so-called
substrate engineering, is one of most popular strategies for
the development of MOF-derived catalysts by the direct
growth of MOF precursors on conductive substrates, because
simple using conductive substrates, e.g., graphite papers,
carbon fibres, graphene, carbon nanotubes, glassy carbon, etc
can significantly enhance the catalytic activities of the support-
ing materials.?”®*>*¢ As an illustration, Jiao et al demonstrated
the fabrication of a CoP/reduced graphene oxide (rGO) sand-
wich-type composite as a promising hydrogen-evolving cata-
lyst through the MOF growth on both surfaces of graphene
oxide (GO) and a subsequent low-temperature phosphating
process (Figure 7).5°*" A sandwich-type structure of the resul-
tant CoP/rGO guarantees a close contact between porous crys-
talline CoP and the conductive rGO, resulting in promising HER
catalytic performance in both acidic and alkaline media. In
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Figure 7. a) Schematic illustration of the formation process of the layered
CoP/reduced graphene oxide (rGO) composite. Reproduced with permission
from reference [35b]. Copyright 2016, Royal Society of Chemistry.

comparison with rGO, CoP and commercial Pt/C, CoP/rGO is
expected to generate an HER current density of 10 mAcm™
with an overpotential of 105 mV in acidic solutions, and corre-
sponding Tafel slope of 50 mV per decade. Under alkaline con-
ditions, the HER current density of CoP/rGO can reach the
same current density at an overpotential of 150 mV and its
Tafel slope can be as low as 38 mV per decade. CoP/rGO exhib-
its good electrochemical activity, which is attributed to the
unique sandwich-type structure, the porous MOF-derived CoP
and the high electrical conductivity of rGO substrate.

To avoid the MOF-based materials fall off from the electrode,
binders (e.g., Nafion solution, Teflon particles, etc.) are usually
used to glue the catalysts on the electrode surface.®’~% Alter-
natively, porous substrates can trap the materials in the pores
avoiding the leaching of the catalyst.*”® As to the thin films,
the substrates should be modified with some functional group
such as -OH, or COOH to enhance the affinity of catalysts with
the electrode surface.””
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2.2. MOF-based electrocatalytic materials for the OER

Generation of hydrogen and oxygen through the electrochemi-
cal water splitting is considered as an efficient and sustainable
method for the provision and storage of renewable ener-
gy.?'*%! OER, as one of the half-reactions, requires high over-
potential to complete the four electron-proton coupled reac-
tion.P%® Similar to HER, OER can also be carried out in both

acidic and alkaline media, and its mechanisms (Figure 8) can
[8,21b,56a,67]

be written as follows:

+OH-

H*
+H,0,

H,0

M-0 2

Figure 8. Schematic representation of the OER mechanisms at a solid elec-
trode for acidic (blue line) and alkaline (red line) electrolytes. Reproduced
with permission from reference [8]. Copyright 2017, Royal Society of Chemis-

try.
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M-0,4, + H,0 — M-OOH_4, +H"™ 4+ e~, M-OOH,,

—0,+H" " +M+e ®)
In alkaline media:

OH™ +M — M-OH,4 + e~ (10)

M-OH,4 + OH™ — M-O,4 + H,0 + e~ (11)

2M-0,4, — O, +2 M or (12)

M-O,4s + OH™ — M-OOH, 4 + e~, M-OOH, 4, + OH"~ (13)

—0,+H,0+M+e"

Currently, noble metal-based functional electrodes, such as
RuO, and IrO, demonstrate probably the best performance to
catalyse the OER. However, high cost and low abundance of
both Ru and Ir often question them for large-scale application-
s.1%213 MOFs, benefiting from their diverse structures and tuna-
ble properties can be a good alternative.*“?’%2%*4%! Beyond, the
pristine MOFs were utilized as electrocatalysts for OER. MOFs
are nowadays popular to serve as ideal precursors/templates to
prepare porous carbon-based composites with more exposed
active sites for OER.#>P28 | thijs section, the strategies based
on the composition engineering, the structure and morphology
engineering, and the substrate engineering to improve the
oxygen evolution performance of MOFs (Table 3) and MOF-de-
rived catalysts (Table 4) are discussed to enhance the binding
abilities of catalysts to OER reaction intermediates [Egs. (6)-(13)].

Although pristine MOFs still suffer from the inferior conduc-

H,O0 +M — M-OH,4, + H" + e~ (6)
tivity, tailoring desired metal clusters with functional organic
M-OH,4, — M-O,4 + H" + e~ (7) links can give some possibilities to achieve remarkable im-
provement of catalytic performances toward the OER and

2M-0,4; — O, +2 ™ or (8)  broaden their potentials in the electrochemical applications.”
Table 3. Typical examples of pristine MOFs for the OER.
Material Strategy used Substrate Overpotential [mV] Ref.

at 10 mAcm™?

Fe/Ni,,/Co44-MIL-53 composition engineering glassy carbon 219 [69]
Fe/Ni/Mng,4-MIL-53 substrate engineering nickel foam 238 at 100 mAcm 2 [69]
NiCo-UMOFNs (2D) structure engineering glassy carbon 250 [72]
Co-ZIF-9(lll) nanosheets (2D) structure engineering glassy carbon 380 [11a]
NiFe-MOF/NF (2D) structure and substrate engineering nickel foam 240 [32a]
MAF-X27-OH composition engineering glassy carbon 387 [70]
MAF-X27-OH (Cu) substrate engineering Cu foil 292 [70]
([Co4(MoO,)(eim), composition engineering glassy carbon 456 [71b]
ECD Fe/Ni-BTC@NF substrate engineering nickel foam 270 [73]
Ti;C,T,-CoBDC (2D) substrate engineering MXene phase 410 [74]
Co",Co",(Im);, substrate engineering FTO - [75]
ZIF-67@NPC-2 substrate engineering N-doped carbon 410 [76]
Fe;-Co,@GC composition engineering glassy carbon 283 [77]
Fe,;-Co,@Cu substrate engineering Cu foam 237 [77]
Fe;-Co,@Ni substrate engineering nickel foam 225 [771
Pb-TCPP composition engineering glassy carbon 470 [78]
UTSA-16 composition engineering glassy carbon 408 [79]
Co-WOC-1 composition engineering glassy carbon 390 at 1 mAcm™? [80]
FeTPyP-Co (2D) structure engineering Au electrode ~350 at 1 mAcm™? [81]
Co/MIL-101(Cr)-O composition engineering glassy carbon 477 [82]
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Table 4. Typical examples of MOF-derived electrocatalysts for the OER.
Material Strategy used Electrolyte [KOH] Substrate Overpotential [mV] Ref.

at 10 mAcm™?
Ni@NC-800 composition engineering Y glassy carbon 280 [90]
Ni@graphene composition engineering ™ glassy carbon 370 [57]
FeNi@N-CNT composition engineering ™ glassy carbon 300 [83b]
SURMOFD composition and substrate engineering 0.1m Au quartz ~08mAug™’ [85b]

at an overpotential

of 300 mV
CoNi hydroxide UNSs composition and structure engineering ™ glassy carbon 324 [85a]
CoZn hydroxide UNSs composition and structure engineering ™ glassy carbon 338 [85a]
(Ni,C04)0.025 F€0075-MOF-NF composition and substrate engineering ™ nickel foam 257 [92a]
CoS,/EC-MOF composition and substrate engineering ™ carbon cloth 226 [101]
t-Co"Co" composition and substrate engineering ™ carbon cloth 240 [92b]
Zn-doped CoSe,/CFC composition and substrate engineering ™ carbon fabric collector 356 [89]
CoOOH-NS (2D) structure and substrate ™ carbon paper 253 [92c]

engineering
Ni-MOF@Fe-MOF composition engineering ™ glassy carbon 265 [92d]
NiCo-MOF@Fe-MOF composition engineering ™ glassy carbon 275 [92d]
(Ni,Co)Se,/C-HRD composition and substrate engineering 1 nickel foam 245 [53b]
Co@NC/NF substrate engineering 1 nickel foam 390 [47Db]
Co;0,C-NA (1D) structure and substrate 0.1m Cu foil 290 [93]
engineering

CoO,-ZIF composition engineering ™ glassy carbon 3.18 [52b]
Ni,P-CoP composition engineering 0.1m glassy carbon 320 [59]
Co-P/NC composition engineering ™ glassy carbon 354 [96]
CoP, CPs/CFP substrate engineering Y carbon fiber paper 343 [88]
Ni-P porous nanoplates (2D) structure engineering ™ glassy carbon 300 [94]
CoP hollow polyhedron structure engineering ™ glassy carbon 400 [53a]
NC@Co-NGC DSNC structure engineering 0.1m glassy carbon 410 [83a]
BNPC-1100 composition engineering 6M glassy carbon 320 [104]
N-PC@G-0.02 composition engineering 0.1m glassy carbon 400 [102a]

In this respect, Li et al investigated a series of bimetallic Fe/Ni-
based MOFs with various tuned molar ratios of Fe/Ni, and then
adopted them as efficient OER electrocatalysts (Figure 9a and
b).*” Fe/Ni, ,-MIL-53/C with the optimized Fe/Ni ratio exhibits
an OER performance with an overpotential of 244 at
10 mAcm™, which is better than that of commercial Ir/C cata-
lyst (310 mV). Its Tafel slope is 48.7 mV per decade, revealing
the rapid oxygen evolution kinetics. Furthermore, the introduc-
tion of the third metal ions (Co*™ or Mn?") can significantly en-
hance OER performance in comparison with bimetallic MOFs.
Among the as-prepared trimetallic MOFs, Fe/Ni,,/Co,,-MIL-53
shows the best OER performance, with overpotentials as low
as 219 mV at 10 mAcm™2 The well-defined atomic architecture,
porosity and the synergy effect of third metal ions for trimetal-
lic MOFs are the key factors to enable the excellent OER per-
formance. Considering that the chemical structures of MOF-
based electrocatalyst playing an important role for the OER
process, Lu et al reported a kind of metal hydroxide mimicking
MOFs through a post-synthetic ion exchange of a metal azo-
late framework [Co,(u-Cl),(bbta)] (MAF-X27-Cl, H,bbta=1H,5H-
benzo(1,2-d:4,5-d")bistriazole) for obtaining a material [Co,(u-
OH),(bbta)] (MAF-X27-OH) (Figure 9c and d).”” MAF-X27-Cl can
be selected as an OER precursor because of its high chemical
stability in acidic or strong alkaline solution. Electrochemical
measurements showed that MAF-X27-Cl could only afford
0.028 mAcm™ at a high overpotential of 570 mV, while micro-
crystals of MAF-X27-OH could achieve 2.0 mAcm 2 at a lower
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overpotential of 489 mV at PH 7. In 1.0m KOH solution, MAF-
X27-OH showed much better catalytic activity (387 mV at
10 mAcm™) than inorganic analogues Co(OH), (421 mV) and
Co;0, (445 mV). Synthesizing cobalt hydroxide chains con-
tained open frameworks, such as MAF-X27-OH offer the possi-
bility to achieve better electrochemical performances. Besides,
the OER catalytic activities of 3d metal oxides/hydroxides can
also be enhanced by introducing high-valance non-3d metals,
such as W and Mo."" Moreover, Co" imidazolate frameworks
have been widely regarded as the classical electrocatalysts for
OER, but their catalytic activities for practical application are
still questionable. Inspired by these strategies, Xu et al de-
signed a series of non-3d metal modulation of cobalt imidazo-
late frameworks ([Co,(MO,)(eim),] (denoted as Co,M, M=Mo
or W, Heim =2-ethylimidazole)) via integrating oxide units of
non-3d metals into cobalt imidazolate frameworks (Figure 9e
and )7 Co,M performed remarkable enhanced OER per-
formance, compared with Co,(eim), in different neutral electro-
lytes. Especially in phosphate buffer solution (PBS, PH=7),
Co,Mo displayed a low onset potential of 1.50V, and an over-
potential of 388 mV at 2 mAcm™, performing better than
other Co-based compounds (400-700 mV) and commercial
RuO, (395 mV). The same result can be obtained in CO,-satu-
rated 0.5m KHCO; electrolyte, Co,Mo merely required a low
overpotential (210 mV) to achieve 1 mAcm~2 The further den-
sity functional theory (DFT) calculations proved that non-3d
metals could significantly improve the OER performance of

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Wiley-VCH.

cobalt imidazolate frameworks through tailoring the electronic
structure and reactant/product affinity of the cobalt centers.
Additionally, other attractive approaches for the activity im-
provement of pristine MOFs involve the structure engineering
(e.g., ultra-thinning 2D MOFs and nanoarrays) and the sub-
strate engineering (e.g., MXene, N-doped carbon, graphite
foam, nickel foam and metal oxide). For example, a classic ap-
proach for the design and synthesis of ultrathin MOFs nano-
sheets under ultrasonication was reported by Zhao et al in
2016."? The as-prepared ultrathin NiCo-MOFs nanosheets
(NiCo-UMOFNSs) possessed a very low overpotential of 250 mV
at 10 mAcm™2, even lower than that of commercial RuO,
(279 mV). Through the XAS analysis and DFT simulations, more
exposed unsaturated metal atoms in the well-defined atomic
architecture NiCo-UMOFNs played a critical role in the high
electrocatalytic activity. Recently, Fischer and co-workers dem-
onstrated a type of ultrathin 2D cobalt zeolite-imidazole frame-
work (ZIF-9(lll)) possessed efficient catalytic activities for OER,
because of the unique physical and chemical properties.""? In
detail, the bulk ZIF-9(lll) phase can generate more 2D ZIF-9(lll)
nanosheets after the ultrasonication assisted liquid-phase exfo-
liation, and the resultant exfoliated nanosheets required a very
low overpotential of 380 mV to achieve 10 mAcm™2 in 1.0m
KOH, while bulk Co-ZIF-9(lll) required 430 mV. The good OER
electrocatalytic performance for 2D Co-ZIF-9(Ill) nanosheets
may be attributed to the inherently higher electronic conduc-
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tivity and more accessible nitrogen coordinated cobalt oxy-
hydroxide N,CoOOH sites. Thus, ultra-thinning 2D MOFs de-
rived with an exfoliated strategy can yield more active sites
and lead to high efficient OER performance.

To maximize the exposure of active sites in pristine MOFs,
substrate engineering is also an attractive strategy for the im-
provement of OFR activities.*®’ For instance, Wang et al syn-
thesized a series of M-BTC MOFs (M =Ni or Fe, BTC=1,3,5-ben-
zenetricarboxylic acid) on nickel foam by the electrochemical-
deposition.” Strikingly, the optimized Fe/Ni-BTC@nickel foam
with Fe/Ni molar ratio of 1/12 showed the smallest overpoten-
tial value of 270 mV for achieving 10 mAcm™2, together with
the Tafel slope of 47 mVdec™', which is even comparable to
those of IrO,, RuO, catalysts. It should be mentioned that the
good catalytic performance should be originated from the syn-
ergy effect between Fe/Ni components and highly conductive
nickel foam. Therefore, substrate engineering is of critical im-
portance in guaranteeing the conductivity and providing large
current density. However, the oxidation of nickel foam can pro-
duce high oxidation current. Thus, the intrinsic current density
of the catalysts for OER still needs to be studied to distinguish
the oxidation current of nickel foam and OER current.

Although recent tremendous progress in the field of OER
has been witnessed based on these pristine MOFs, their cata-
lytic activities are still limited to meet the increasing de-
mand.?’>2% MOF-derived electrocatalysts have shown promis-
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ing advantageous characteristics such as highly conductive
carbon network, porous nanostructures, large surface area, di-
verse heteroatoms doping (e.g., N, O, S, and P) and homoge-
neously distributed metal atoms or metal compounds, which
are a benefit for OER.[272282425:4351 | this section, the concepts
based on the composition engineering, the structure or mor-
phology engineering, and the substrate engineering for de-
signing MOF-derived catalysts for improving the OER per-
formance will be discussed.

The composition engineering allows the possibilities to
design MOF-derived nanostructured transition metals,>5
metal oxides,**®¥ hydroxides,® carbides,”'®® nitrides,’®” sulfi-
des,[51a'55'56b] phosphides,BSb'”’le Se|enidesl[35a,53b,60,89] and so on.
Based on composition-engineered strategies, the OER per-
formance of MOF-derived catalysts is significantly enhanced
via creating more accessible active sites. As one kind of the
typical derivatives, carbon encapsulating transition metals or
alloys can be easily obtained through MOF-contained abun-
dant metal ions and organic ligands under high tempera-
ture.”®*9 Remarkably, metal or alloy nanoparticles incorporated
in nitrogen-doped carbon materials show excellent electrocata-
lytic performance because of the catalytic sites of metallic nano-
particles and the intact metal protection effect of the outer
carbon layers.#>57:830%0 x et al directly used Ni-based MOF Ni,-
(bdc),ted (bdc=1,4-benzenedicarboxylic acid, ted =triethylene-
diamine) as the precursor to synthesize Ni nanoparticles encap-
sulated in few-layer nitrogen-doped graphene (denoted Ni@NC)
(Figure 10a)."” It was found that the temperature of annealing
treatment played a critical role in the graphitization with the
tunable carbon and nitrogen contents and further influenced
their electrocatalytic activity. Benefiting from the synergistic
effect between structure and composition, the NiI@NC-800 cata-
lyst obtained under annealing temperature of 800°C exhibited
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the best OER performance, with a current density of 10 mAcm™

at an overpotential of 280 mV and a small Tafel slope of
45 mVdec™', both of which are lower than those of other
Ni@NC samples and IrO, catalyst (Figure 10b and c).

In practical use, electrocatalysts are usually operated in
harsh conditions, such as strong acidic and alkaline solu-
tions.**>°Y However, most of the pristine MOFs cannot sustain
their structure in harsh conditions.*“?’<*? Taking this draw-
back as advantages, researchers developed MOF-derivatives by
facile immersing pristine MOF into an alkaline environ-
ment.®™°? Fischer et al used NiCo-based surface-mounted
MOFs (SURMOF) thin films as precursors via one-step alkaline
treatment for obtaining derived nickel/cobalt hydroxide elec-
trocatalysts (Figure 11).%* The SURMOF-derived hydroxides
grown on gold electrode exhibit outstanding performance and
deliver a mass activity of ~0.8 mAug~' at a defined overpoten-
tial of 300 mV, which is approximately 3.5 times higher than
that of reported NiFe-, FeCoW-, or NiCo-based electrocatalyst
as well as MOF-based nanosheets at the same overpotential.
The outstanding OER mass activity should be ascribed to the
high exposure of Ni- and Co-based active sites and ultrathin
electrocatalyst coating on a highly conductive gold electrode.
The developed strategies allow a potentially scalable method-
ology for the fabrication of high-performance SURMOF-derived
hydroxide electrocatalysts and open a venue for preparing
electrocatalysts with highly exposed active sites.

Based on the composition engineering strategy, heteroa-
toms can be introduced into various transition metal com-
pounds by deriving pristine MOFs to MOF derivatives, such as
metal oxides, carbides, nitrides, phosphides, sulfides and sele-
nides. The heteroatoms doped MOF derivatives allow the pos-
sibility to control the particle sizes and conductivity of the
transition metal compounds."®?'®%! The porous structures and
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Figure 10. a) A schematics fabrication process for the Ni@NC catalysts from derived from the Ni-based MOF precursors. b) and c) Electrocatalytic performance
of all as-synthesized samples and IrO,. b) Voltammetric curves and c) the corresponding Tafel plots. Reproduced with permission from reference [90]. Copy-
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conductive carbon shells enable the derivatives to expose their
active sites as much as possible.?’>2843%! Tq jllustrate this pro-
tocol, MOF-derived Co;0,-carbon porous nanowire arrays were

designed by Qiao’s group in 2014 (Figure 12a-c).”® The homo-
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geneous distribution of metal oxide nanoparticles in porous
carbon skeleton can be generated via a facile high-tempera-
ture pyrolysis strategy. This hybrid was employed as the OER
catalyst and merely required an overpotential of 290 mV to de-
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liver 10 mAcm™2, which was lower than that of IrO,/C (310 mV)
and most of the highly active noble-metal OER catalysts. The
unique nanowire structures and carbon incorporation derived
from Co-based MOF promote good OER performance. Besides,
Dou et al demonstrated a strategy to produce atomic-scale
CoO, species by applying O, plasma to treat ZIF-67.5%"! The
atomic-scale CoQ, species served as active sites in ZIF-67 show
highly efficient OER activity, which is even better than RuO,
(Figure 12d-f). As an alternatives electrocatalysts, transition
metal phosphides have received extensive study as the effi-
cient catalysts for HER and OER owing to their high activities
and low costs.?****9 By modulating the MOF precursors, the
carbon-incorporated transition metal phosphides can be facile-
ly obtained via carbonization and phosphorization calculations
in high temperature.” The prepared MOF-derived phosphides,
such as CoP/NC, CoP; concave polyhedrons and Ni,P-CoP have
proven to show the enhanced catalytic performance.8 %%
For instance, You et al demonstrated the synthesis of MOF-de-
rived porous Co-P/NC nanopolyhedrons for water splitting.”®
The prepared ZIF-67 derivatives show a high surface specific
surface area and large mesopores, resulting in a remarkable
catalytic performance for both HER and OER. The Co-P/NC cat-
alysts with a loading amount of 1 mgcm™ deliver 10 mAcm™
at an overpotential of 319 mV. The superior electrocatalytic
performance should be attributed to the 3D interconnected
large mesopores, high specific surface area and some oxidized
CoO, species from the surface of CoP,.

Additionally, transition metal sulfides and selenides have
shown their promising application for the OER due to their
good electron configuration and earth abundance.”” Thus, a
series of MOF-derived transition metal sulfides and selenides,
such as CoS, Zny,CoySe, Co-Ni-Se, Ni,Co,S@C and
C0,555¢@NC, have been explored.20%34:3551253b.60.891 Eor ayam-
ple, Wang et al developed an in situ transformation approach
to design a hollow porous M,Co,_,Se, (M=Fe, Co, Ni etc) poly-
hedron through a straightforward solvothermal selenylation
process. The hollow resultant, Zn,,Co,.Se, with the opti-
mized molar ratio, shows an outstanding OER performance,
giving 10 mAcm™ at an overpotential of 340 mV with a Tafel
slope of 43.2 mVdec™, superior to IrO, catalyst (64.0 mVdec™)
(Figure 12g-i)). The MOF-derived bimetallic selenide generates
remarkable catalytic activity owing to the hollow porous struc-
tures, more exposed active sites, high conductivity and the
synergistic effect of Zn and Co.

In addition to the composition engineering, structure or
morphology is another crucial factor in affecting the efficiency
of MOF-derived electrocatalysts for OER.?>%% Well-defined
structure or morphology, such as hollow structures, yolk-shell
structures, 3D networks, 2D nanosheets, 1D nanowires and 0D
nanoparticles, exhibit high specific surface area with a large
number of actives sites.®'>* Taking advantages of MOFs, a va-
riety of porous nanostructures based on MOF-derived materials
have been widely explored in the last decade *P>38%%1 For
example, Yu et al indicated that various porous carbon-coated
nickel phosphides (Ni-P), NiO and Ni(OH), nanoplates can be
easily synthesized via employing Ni-Ni Prussian blue analogue
(PBA) nanoplates as the templets (Figure 13).* These MOF-de-
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Figure 13. schematics of the transformation of NiNi-PBAs to Ni(OH),, NiO
and Ni-P porous nanoplates. Reproduced with permission from refer-
ence [94]. Copyright 2016, Royal Society of Chemistry.

rived materials, especially Ni-P nanoplates show highly active
for OER, which is ascribed to the incorporation of amorphous
carbon, the porous nanostructure and lots of exposed active
sites. The Ni-P nanoplate electrode exhibits remarkable OER ac-
tivity with a low overpotential of 300 mV at 10 mAcm~2, which
is lower than that of Ni(OH), (360 mV) and NiO (430 mV). More-
over, Liu et al®® controlled pyrolysis of core-shell ZIF-8@ZIF-
67 crystals and obtained the double-shelled NC@Co-NGC nano-
cages, consisting of Co-N-doped graphitic carbon (Co-NGC)
outer shells and N-doped microporous carbon (NC) inner
shells, which display superior electrocatalytic activities for OER
and ORR. The results prove that designing unique nanostruc-
tures can promote the improvement of diffusion kinetics and
exposure of active sites.

Electroactivity is highly dependent on the conductivity of
electrocatalysts.”® Direct growth of MOF precursors on con-
ductive substrates, such as graphite papers, carbon fibres, gra-
phene, carbon nanotubes, glassy carbon, fluorine-doped tin
oxide, nickel foam and metal films, offers the possibilities to
improve the conductivity, stability and catalytic activity of
MOFs based electrocatalysts. Tremendous research efforts have
been devoted to substrate engineering for the activity im-
provement of MOF-derived electrocatalysts.=>6*%1%% A typical
example of the substrate engineering was reported by Liu
et al."”" They firstly prepared well-aligned MOFs on conductive
carbon cloth (CC) via a vapour-phase method, and then pro-
duced CosS, species on the surface of MOFs through an on-
site controlled vulcanization method. The resultant Co,S,/EC-
MOF reached an enhanced catalytic activity at 10 mAcm 2
with a low overpotential 226 mV. The great enhancement of
OER performance for Co;S,/EC-MOF is not only ascribed to the
synergy effect of the Co,S, species and Co-MOF through N—S/
N—Co bonds, but also the increased the charge transfer and
conductivity through the substrate of carbon clothes. It is obvi-
ous that substrate engineering plays a key role in the develop-
ment of highly efficient OER electrocatalysts.

Metal-free electrocatalysts developed by MOFs have the
characteristics of numerous structural defects, ultrahigh specif-
ic surface area and doping amount of heteroatoms, which
could enhance the OER performance.?'>?722%29 Keeping these
in mind, N, P, S, and B heteroatoms were effectively introduced
into MOF-derived porous carbons by utilization of the heteroa-
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tom-containing organic units or chemical replacement in post-
treatment, and change the electronic structure of carbons,
which can further create more active sites for catalytic reac-
tions."® For instance, some N-containing MOFs have been
used as precursors to produce porous carbon with high N con-
tent and total pore volumes.'™ Thanks to the Zn-MOF con-
taining Zn, N, and B, the B-N dual-doped and metal-free ORR/
OER bifunctional ORR/OER electrocatalysts can be easily syn-
thesized via a one-step pyrolyzing reaction under H,-contain-
ing atmosphere."™ The as-prepared catalyst showed remark-
able OER and ORR catalytic activities, as well as the cycling sta-
bility due to its high porosity and large content of pyridinic N.
The 10 mAcm™ can be achieved using the B-N dual-doped
carbon as the catalyst at an overpotential of 320 mV for the
OER. The results show that the strategy of prepared MOF de-
rived heteroatom-doped porous carbons are promising for de-
veloping OER catalysts with low-cost, high efficiency and long-
term stability.

2.3. Design MOF-based electrocatalysts for the oxygen re-
duction reaction

With the development of various energy storage and conver-
sion techniques, many clean and sustainable energy devices
have aroused widespread attention, including water splitting,
fuel cells, and metal-air batteries, etc.*?*'® Among these devi-
ces, the ORR is the indispensable reaction during the discharg-
ing process at the cathode of the fuel cells and metal-air bat-
teries devices. However, ORR usually suffers the sluggish kinet-
ics of multi-electron transfer."® Presently, the noble-metal
based electrocatalysts are the main electrocatalysts used for
ORR. Due to the scarcity and high cost of noble metal, it is cru-
cial to explore earth-abundant and cost-effective ORR catalysts
for the urgent demands of clean power supplies in the flour-
ishing human society. A series of alternative electrocatalysts
with earth abundance and high activity for ORR have been ex-
plored, such as carbon-based non-precious metals or alloys,
transition metal hydrides and heteroatom doped porous car-
bon.>"7 Among these electrocatalysts, MOF-based nanomate-
rials have been proved to serve as distinctive electrocatalysts
for ORR over the past decade due to their large surface area,
tunable chemical composition and pore structure 961081

In both alkaline and acidic media, the ORR probably shows a
two- or four-electron pathway. Generally, the two-electron re-
duction pathway produces peroxide species as the reaction in-
termediates, followed by either further reduction, while
oxygen can be directly transferred into water or OH™ through
a more efficient four-electron reduction pathway."”'*!

In acidic solutions:

O, +4H" +4e" — 2H,0 (four-electron pathway),
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In alkaline solutions:

0, +2H,0+4e” — 40H™ (four-electron pathway),

(17)
E° = 0.401V vs. SHE
0O, +H,0+2e” — HO,” + OH™ (two-electron pathway),
E® = —0.076V vs. SHE
(18)
H,0 + HO,  +2e  — 30H", E° = 0.878V vs. SHE (19)

According to the ORR process [Eqgs. (14)-(19)], the conductiv-
ity and binding strength to reaction intermediates of electroca-
talysts are two key parameters for designing efficient catalysts.
MOF-based materials have shown remarkable ORR per-
formance via modulating the abundant metal ions or function-
al organic ligands, tuning the porous structure, and developing
various post-processing techniques of MOFs precursors."'” In
this section, the concepts of development of MOF-based mate-
rials are discussed from the aspects of the composition engi-
neering, the structure and morphology engineering, and sub-
strate engineering (Table 5 and Table 6).

By tailoring the metal nodes and organic ligands, MOFs
could exhibit good performance for the ORR.***" Mao et al
demonstrated that water-stable Cu-bipy-BTC MOF (bipy=2,2'-
bipyridine, BTC=1,3,5-tricarboxylate) can be used as the elec-
trocatalyst towards ORR with a four-electron reduction path-
way."" The Cu-bipy-BTC MOF coated on a glassy carbon disk
electrode can produce ORR at —0.10V versus Ag/AgCl and
quickly reach a steady current at —0.25V versus Ag/AgCl.
Based on the same concept, Jahan et al reported a graphene-
metalloporphyrin (denoted G-dye-FeP),) MOF as an ORR cata-
lyst through integrating functionalized graphene oxide and
iron-porphyrin (Figure 14).""? The as-prepared (G-dye 50 wt%-

(14)

E° =1.229V vs. Standard Hydrogen Electrode (SHE)
0, +2H" +2e" — H,0, (two-electron pathway), (15)

E° =0.695V vs. SHE

v Figure 14. Synthetic routes of graphene-porphyrin MOF (e and f) via inte-
N B o grating G-dye (b), iron-porphyrin (d). Reproduced with permission from ref-

H,0, +2H" +2e” — 2H,0, £ =1.776V vs. SHE (16)  erence [112]. Copyright 2012, American Chemical Society.
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Table 5. Typical examples of pristine MOFs for ORR.
Material Strategy used Eonset E, Jim n® Substrate Ref.
[V vs. RHE] [V vs. RHE] [mAcm™] [E vs. RHE]
(G-dye-FeP), MOF composition engineering 0.93 - —0.63 3.82(0.32V) GC-RDE [112]
Cu-bipy-BTC composition engineering 0.87 ~0.8 —0.26 3.8 (0.40V) GC-RDE [111]
(GO 8 wt %) Cu-MOF composition engineering 0.29 - —53 - GC-RDE [46]
NPC-4/rGO structure engineering 0.84 - - 1.8 (0.67 V) GC-RDE [117]
3.2(037V)
PCN-222-G-py (25 wt %) composition engineering - - -0.9 - GC [118]
Co/MIL-101(Cr)-R composition engineering 0.92 0.64 —6 ~3.9 GC-RDE [82]
&-MnO,/MOF(Fe) composition engineering 0.84 0.64 —5.56 3.8 (0.55V) GC-RDE [116]
nano-CuS(28 wt %) composition engineering 0.91 - - 3.82 (0.55V) GC-RDE [119]
@Cu-BTC
Ni;(HITP), composition engineering 0.82 - - 2.25(0.767 V) GC-RDE [114]
Co-Al-PMOF composition engineering 0.75 - —0.6 2.9 (0.55V) GC-RDE [120]
(Co(bpdc)(H,0),/GF structure engineering 0.78 0.7 —27 - graphite [121]
foam
[a] n represents the number of electrons transfer.
Table 6. Typical examples of MOF-derived materials for the ORR.
Material Electrolyte Eqnset E., Jim n® Ref.
[V vs. RHE] [V vs. RHE] (mAcm™2) [E vs. RHE]
Fe-ISAs/CN 0.1 m KOH 0.986 0.9 ~6.1 3.9 [122€]
P-CNCo-20 0.1 m KOH 0.93 0.85 6.00 3.9 [129]
COP-TPP(Fe)@MOF-900 0.1 m KOH 0.99 0.932 ~4.7 395at0.6V [122f]
Co-N-C@F127 0.5 m H,SO, 0.95 0.84 ~3.9 4 [124a]
NC@Co-NGCDSNC 0.1 m KOH 0.92 0.82 - 4 [83a]
FeNC-20-1000 0.1 m HCIO, 1.04 0.88 ~6.2 3.99 [122(]
Co,N-CNF 0.1 m KOH 0.888 0.815 5.71 3.8 [130]
Co-N-C 0.1 m KOH 0.982 0.871 5.35 3.94-3.98 [131]
NC900 0.1 m KOH 0.83 - 49 at 0.1V 33 [132]
PNPC-1000 0.1 m KOH 0.89 - 6.9 3.82 [103a]
NPCTC-850 0.1 m KOH 0.92 0.83 5.35 3.88-3.92 at 0.4-0.7 V [133]
N-PC@G-0.02 0.1 m KOH 1.01 0.80 - 3.93 [102a]
MOFCN900 0.1 M KOH 0.035 vs. Hg/HgO - ~4.1 3.12 [134]
MZ8-S-P 0.1 m KOH 0.964 0.855 5.89 4.02-4.07 at 0.2-0.8 V [99b]
NHPC, 5-900 0.1 m KOH - 0.87 5.7 close to 4 [54a]
NGPC-1000-10 0.1 m KOH 0.953 0.772 4.69 3.81 [127]
NS(3:1)-C-MOF-5 0.1m KOH —0.005 vs. Ag/AgCl - 3.2 3.4-3.8 at 0.57-0.07 V [128b]
P-N-carbon-950 0.1m KOH - 0.80 4.86 3.82 [128c]
NPS-C-MOF-5 0.1m KOH —0.006 vs. Ag/AgCl - - 3.6 [128a]
[a] n represents the number of electrons transfer.

FeP), MOF exhibited a well-defined cathodic peak at —0.23 V
versus Ag/AgCl in CV, which indicates its origin to ORR. The
oxygen reduction current density at the onset potential of (G-
dye 50 wt%-FeP), MOF can reach —6.2 mAcm~ with a good
durability. The high ORR activity and 4-electron reduction path-
way are ascribed to the synergistic effect between r-GO, pyridi-
nium linker and porphyrin in the MOF frameworks.

Research also devoted to improving the conductivity of
MOFs for ORR.B%<"3 Miner et al demonstrated an intrinsically
conductive MOF, Ni;(HITP), (HITP=2, 3, 6, 7, 10, 11-hexaimino-
triphenylene), exhibiting good electrical conductivity (o=
40 Scm™") with outstanding ORR activity, which is comparable
with the most non-platinum electrocatalysts (Figure 15)."% In
oxygen-saturated 0.1m KOH solution, Nis(HITP), thin film on
glassy carbon electrode showed a low onset potential (j=
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50 mAcm™?) of 0.82 V. After 8 h durability test via steady-state
potentiostatic measurements at 0.77 V, Niy(HITP), delivered a
high ORR stability and kept 88% of the initial current density
after the test. Through calculating the inverse of the slope of
Koutecky-Levich (K-L), the total number of transferred electrons
was determined to be n=2.25, indicating that oxygen tended
to be converted into HO,™ on Ni;(HITP), during ORR. Rationally
designing MOF with conductive properties will facilitate the
development of pristine MOF-based catalysts.

Apart from designing conductive MOFs as catalysts, the inte-
gration of transition metal hybrids with water-stable MOFs can
also enhance catalytic activities and stabilities."®" " For exam-
ple, Wang et al synthesized a hybrid electrocatalyst consisting
of e-MnO, and a MOF(Fe) support towards ORR."'® Compared
with the MOF-free e-MnO, and MOF(Fe), the resulting e-MnO,/
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Figure 15. a) A schematic representation of the conductive two-dimensionally layered Ni;(HITP),. b) LSV scans (5 mVs™) for the Ni;(HITP), catalyst and blank
GCE under N, versus O, atmosphere. Reproduced with permission from reference [114]. Copyright 2016, Nature Publishing Group.

MOF(Fe) composite on the glassy carbon rotating disk elec-
trode (GC-RDE) exhibited significantly enhanced performance
for ORR, possessing a more positive onset ORR potential
(0.84V at —0.10mAcm?), a higher half-wave potential
(0.64V), a larger kinetic current density (—3.16 mAcm™ at
0.65V) and a similar diffusion-limited current density
(=5.56 mAcm™). Based on K-L plots, the electron transfer
number for the e-MnO,/MOF(Fe) composite was calculated to
3.7-3.9 and unchanged with the overpotentials, suggesting
that the oxygen reduction was via an apparent 4-electron pro-
cess. Moreover, the e-MnO,/MOF(Fe) showed an excellent ORR
stability and finally maintained a 77.5% of the initial current
density at after 20000 s, which may be attributed to the high
specific surface area and the strong interactions between e-
MnO, and MOF(Fe).

MOF-derived carbon-based non-precious metal nanocata-
lysts are regarded as a class of outstanding ORR catalysts for
the low cost, porous structure and high conductivity. Recently,
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Carbonizati
o ?n - o: Reduction
/
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)

o
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a part of MOF-derived metal heteroatom-doped porous carbon
with heteroatom doping show superior ORR performances
than commercial 20% Pt/C in alkaline solution.?? In these
works, some pristine MOFs consisting of heteroatom-contain-
ing ligands (such as N, P, S, C, etc.) and metal sources (such as
Fe, Co, Ni, etc.) could be transformed into metal heteroatom-
doped porous carbon catalysts through a direct carbonization
method."?¢'3 Using the method, a class of catalysts with M-
N, or M-N, (metal-nitrogen) structure, known as active sites,
have attracted huge research interest as alternatives to noble
metals."*” For example, Li et al have made great efforts in
terms of M-N, structure for ORR, they synthesized the atomic
dispersion of Co atoms with N-coordination as the ORR catalyst
via one-step pyrolysis of a type of Zn/Co bimetallic MOF (Fig-
ure 16).'9 When heating temperature above 800°C, the low
boiling point Zn atoms would be selectively evaporated away.
Meanwhile, Co units were reduced to Co single atoms by car-
bonization of the organic linkers. The as-prepared Co single
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Figure 16. a) Schematic illustration of tuning the atomic dispersion of Co atoms in the N-doped porous carbon through the evaporation of Zn. b) TEM,
HAADF-STEM and EELS mapping images of Co SAs/N-C(800). ¢) Voltammetric curves for different catalysts obtained O,-saturated 0.1 M KOH together with the
RDE polarization curves for the Co SAs/N-C(900) catalyst recorded at different rotation rates. Reproduced with permission from reference [122d]. Copyright

2016, Wiley-VCH.
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atoms/nitrogen-doped porous carbon (Co SAs/N-C)-900 exhib-
ited the almost same onset potential as Pt/C at 0.982V, and a
more positive half-wave potential (0.881 V) than that of Pt/C
(0.811 V). According to K-L plots, its kinetic current density at
0.8V can reach 21.2mAcm™ with a small Tafel slope of
75 mVdec . The superior ORR performance should be related
to Co-N-C sites, atomic dispersion and N-doped porous carbon
support. Apart from Co-N-C structure, Liu et al demonstrated
that Zn/Fe bimetallic ZIF-derived Fe-N-C hybrid exhibited ex-
cellent ORR activity.'”” The as-obtained hybrid FeNC-20-1000
displayed the best catalytic activity, with a higher onset poten-
tial (1.04 V) than that of Pt/C (0.97 V) and a half-wave potential
of 0.88 V. Based on the corresponding K-L plots, the electron
transfer number was calculated to 3.99 with a catalysis loading
of 0.75mgcm~2 and its Tafel slope was 49 mVdec™', which
was even lower than that of Pt/C (61 mVdec ™). With the opti-
mized annealing temperature, FeNC-20-1000 derived from bi-
metallic Zn/Fe-ZIFs delivered an enhanced mass-transport effi-
ciency and the highest ORR catalytic activity. Besides, Wang et
al reported a novel metal heteroatom-doped porous carbon
with Fe-Co dual sites embedded in N-doped carbon nanotubes
through the processes of adsorption and pyrolysis.'>"' The
MOF-derived catalyst (Fe,Co)/CNT exhibited an outstanding
ORR activity, with an onset potential of 1.15V and a half-wave
potential of 0.954V in O,-saturated 0.1m KOH. Also, the
(Fe,Co)/CNT achieved a much higher turnover frequency
(0.105s7") than that of the single-site Fe/CNT-C (0.0049s™")
and the single-site Co/CNT-C (0.00036 s™'). Its K-L plots at vari-
ous rotating speeds proved a nearly four-electron ORR path-
way, and the kinetic current density at 0.9V was
17.51 mAcm™?, suggesting the best ORR performance.

In terms of the carbon-incorporated transition metal com-
plexes, great efforts have also been devoted to exploring MOF-
derived nanostructured metal or alloy, metal oxides, carbides,
sulfides and selenides.3>:60.71d:866,93,100.1251 £ axample, Ma and
co-workers developed Co;0,C-NA electrocatalysts, which
showed a half-wave potential of 0.78 V together with a Tafel
slope of 89 mVdec ¥ Further, the electron transfer number
was calculated to 3.85-3.96 via the RRDE measurements. The
hybrid porous nanowire arrays exhibited a state-of-the-art ORR
activity and a desirable four-electron pathway owing to the
unique nanowire arrays and in situ carbon incorporation. Apart
from metal oxides, Guan et al proposed a dual-MOF confined-
pyrolysis method to synthesize Fe;C nanoparticle-embedded
N-doped carbon nanotube assemblies (Fe;C@N-CNT assem-
blies).®*! The electrocatalytic activity and kinetics of the result-
ing sample were investigated in O,-saturated 0.1m KOH solu-
tion, and the electron transfer number was determined in the
range of 3.95-3.98 by the K-L plots, suggesting oxygen can be
directly reduced to OH™ using the Fe;C@N-CNT assemblies as
electrocatalysts. Remarkably, the sample shows a more positive
half-wave potential of 0.85V than that of commercial Pt/C
(0.83) and a small Tafel slope of ~78 mV dec™'. The superior
electrocatalytic activity of the as-prepared Fe;C@N-CNT assem-
blies might be related to highly active chemical composition
and robust structure. A great number of previous works in ex-
ploring the high activity of catalysts pay more attention to

Chem. Asian J. 2019, 14, 3474 -3501 www.chemasianj.org

3492

CHEMISTRY

AN ASIAN JOURNAL
Minireview

active sites and nanostructures, but the intrinsic drawbacks of
poor charge transport for most compounds have a crucial
impact on catalytic performance. Transition metal sulfides and
selenides with high conductivity, remarkable stability and effi-
cient catalytic activity have caused widespread concern.””
Meng et al constructed N-doped carbon-wrapped ultrafine
Co,g55e nanocrystals for ORR via a one-step carbonization-sele-
nylation calcinations in high temperature (Figure 17a).*” Bene-
fiting from the synergistic contributions by coupling Cogg;Se
nanocrystals and highly conductive N-doped carbon layers, the
resultant Co,gSe@NC afforded an excellent ORR performance
with a sharp onset potential at 0.912V and a desirable elec-
tron-transfer number in the range of 3.98-4.03 within the po-
tential range from 0.272-0.572V, indicating the four-electron
pathway for ORR process (Figure 17b and c). All the above in-
vestigations indicate that exploring MOF-derived carbon-incor-
porated transition metal complexes provides an important
route to design high-performance electrocatalysts for ORR.

Alternatively, developed heteroatom-doped metal-free
porous carbon can also improve the electrical conductivities,
stabilities, tolerance to acidic/alkaline conditions, abundance,
and low cost of MOF-based materials.'* The rich N-contained
ligand in MOF framework offers the MOF derivatives unique
electron structure and high conductivity. For example, Zheng
et al reported the first example of MOF-derived metal-free ORR
electrocatalyst via a carbonization procedure of ZIF-7 and glu-
cose mixture"® The resulting N-doped porous carbon
showed porous structures and high specific surface area. The
corresponding electrocatalytic activity was measured in N, or
O, gas saturated 0.1m KOH aqueous solution, and the N-
doped porous carbon exhibited outstanding ORR performance
with the onset potential of 0.86 V, half-wave potential of 0.7 V
and the limiting current density of —4.59 mAcm™2 Based on
the K-L equation, the number of electron transfers at 0.3 V was
calculated to 3.68, which was close to commercial 20% Pt/C. In
this work, Zn nodes played a critical role in the activation of
carbon for the formation of micropores by evaporation etching
at 950°C. Hong et al also studied N-doped graphitic porous
carbons (NGPCs) as the metal-free electrocatalysts for ORR
through using a zeolite-type MOF as the carbon and nitrogen
precursors.?”” Compared with commercial Pt/C, the optimized
NGPC-1000-10 exhibited high electrocatalytic performance for
ORR with slightly negative activities on onset potential (0.95 V)
and half-wave potential (0.77 V), which were mainly attributed
to the synergistic effects of high specific surface area, the high
degree of graphitization and porous structures. What is more,
the number of electron transfers was an almost constant (3.81
at 0.62 V) over the potential range from 0.72 to 0.37 V. The cor-
responding kinetic current density was 14.2 mAcm™, even
comparable to that of commercial Pt/C (19.9 mAcm™).

Apart from single-atom doping, the incorporation of multi-
nonmetallic heteroatoms (such as N, S, P, B, etc) into the
carbon lattice is one of the promising strategies to tailor elec-
trocatalytic property by the combination of the synergistic
effect among different dopant.?® Li et al indicated that N and
S co-doped porous carbons could be easily converted to deriv-
atives using MOF-5, urea and DMSO as the template, N and S
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Figure 17. a) Schematic illustration of the synthesis process of Co,g;Se@NC. b) FE-SEM, TEM, HRTEM images, SAED pattern, EDS spectrum, the corresponding
EDS elemental maps, N, adsorption-desorption isotherms and corresponding pore size distribution curve of the Co,4;Se@NC sample. c) ORR electrocatalysis in
0.1 M KOH. Reproduced with permission from reference [60]. Copyright 2017, Royal Society of Chemistry.

precursors, respectively.'”” The onset potential of the ob-
tained N and S co-doped porous carbons was at about —0.005
versus Ag/AgCl, which was more positive than that of single-
atom doping catalysts and even comparable to commercial Pt/
C catalyst. From the slopes of the K-L plots, the electron trans-
fer number of N and S co-doped porous carbons was calculat-
ed to be 3.4-3.8 at a potential range of —0.4 to —0.9 V versus
Ag/AgCl, indicating the high ORR activity via a 4-electron trans-
fer pathway. The enhanced catalytic performance is mainly at-
tributed to the destruction of electroneutrality of the carbon
matrix through the doped atoms with different electronegativi-
ties.

3. MOF-based electrocatalysts for CO, reduc-
tion

Carbon dioxide has been one of the arch-criminals of global
warming aggravated the desertification and sea-level rise due
to the combustion of fossil fuel and hydrocarbon materials.">
Great efforts have been made by governments and researchers
by reducing the CO, emission, capturing and reusing of
C0,.™¥ Conversion of CO, into valuable chemical compounds,
intermediate industry products and green fuel not only can
prevent severe global warming but also can relieve energy
crisis. There are plentiful approaches for CO, conversion, for ex-
ample, electrochemical,"*” biochemical,"*® photochemical,*?
chemical and hydrothermal,"*” to name just a few.
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The electrochemical conversion of CO, into value-added
carbon products have been attracting as one of the promising
approaches due to the following advantages: (I) The CO, elec-
trochemical reduction process can be in situ monitored by
electrochemical workstation; (Il) The reaction is carried out
under mild conditions, which is controllable; (lll) The reaction
products can be adjusted by operation parameters, such as
electrode potential, electrolytes, and reaction temperature, etc;
(IV) The driving force of electric power for CO, reduction can
use renewable energy sources such as wind, hydro and solar
power. Depending on the catalysts, applied potential, support-
ing electrolyte and reaction temperature, the electrochemical
conversion of CO, produces various products such as CO, CH,,
C,H,, HCOOH, H,C,0, methanol and ethanol, which follows
the reaction approaches involving two, four, six, and eight
electrons transfer."*" (Table 7) Metal-organic frameworks allow
for producing the desired product via rationally controlled
metal nodes, well-design organic linker, and flexible electrode
preparation.?**'*? However, to design MOFs or MOFs deriva-
tives as electrocatalysts with a good compromise of high Fara-
daic efficiency and selectivity is still a challenge. Several re-
views have been published concerning the MOFs and MOFs
derivatives for electrochemically reducing CO, into different
products.”“* 417143 However, the comprehensive discussion of
the design strategies of MOFs and MOFs derivatives for CO,
electrochemical reduction has not been studied yet. In this sec-
tion, we will focus on the design concepts of MOFs and MOFs
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Table 7. Possible reaction approaches of CO, electrochemical reduction
involving in MOF and MOFs derivatives catalysts.

Reactions Theoretical potential

[V vs. SHE]

CO,(g) +2H,0(l) +2e =CO(g) +20H —0.93

CO,(g)+2H" +2e =HCOOH(l) —~0.25

CO,(9) +H,0()) +2e =HCOO ,, +OH" —1.08

2C0,(g) +2H" +2e =H,C,04q —0.50

2C0,(g)+2e =C,0,” (aq) —0.59

CO,(9) +6H" +6e =CH;0H(l) +H,0 +0.02
CO,(g)+5H,0() +6e =CH;0H() + 6 OH"~ —0.81

CO,(9)+8H" +8e =CH,(g) +2H,0,, +0.17
CO,(g)+6H,0() +8e =CH,(g) +80H" —0.66
2C0,(9)+12H" +12e"=C,H,(9) +4H,0 +0.06

2C0O,(g)+ 12H" +12e =CH,CH,0H(g) + 3H,0,, -+0.08

derivatives for improving the faradaic efficiency and selectivity

of CO, electrochemically converted to valued products.
CO has been widely used in a wide range of in-

dustries, such as chemicals, medicine and metallurgy,
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sites freely. By rationally incorporating the redox-active linker
could also improve the charge transport of catalysts.
(Figure 19) Taking advantages of the MOFs, Hupp and co-work-
ers deposited Fe-based MOF-525 thin film on the conductive
electrode for CO, electrochemical reduction."*' The Fe-based
MOF-525 film shows a highly effective catalyst surface concen-
tration for CO, reduction due to the uniform distribution of Fe
in MOFs film. The porphyrin linker improves the hopping
charge transfer in the MOF film catalysts. Thus, the prepared
Fe-based MOF-525 film demonstrated a ~100% Faradaic effi-
ciency. However, the selectivity of Fe-based MOF-525 film for
CO is only 5442%. The low selectivity for CO is probably as-
cribed to the low local concentration of CO, and weak adsorp-
tion strength of MOF-525 film to *COOH and *CO. Thus, the
new design for improving the CO, capture and adsorption
strength of catalysts to intermediates is required.

Kang et al utilized ZIF-8, which has higher CO, capture abili-
ty than MOF-525, as catalysts for CO, electroreduction.” It

etc."*¥ Besides, as the main components of syngas, Table 8. MOF-based materials for electrochemical reduction of CO, to CO.
CO plays a key role in the synthesis of various inter- i o )
di d ic chemical d Devel MOF Main Selectivity for Medium Total Fara- Ref.
mediates and organic chemical products. Develop- Product(s) CO [%] daic
ment of highly efficient electrocatalysts for CO,-to- Efficiency
CO is of great significance. [%]
Electroreduction of CO,-to-CO involving 2 elec- MOF-525 co 54 Acetonitrile =100 [145]
trons needs ~137 KJmol™.*™" (Table 7) It contains | ZIF-8 co 60 NaCl 95 [146]
three essential steps: (I) Capturing CO, on the cata- | AL(OH).TCPP-Co o 76 K;CO, ~80 [147]
st i . ith ton/elect PCN-222(Fe) co 91 KHCO;, ~100 [148]
ysts surlace accompanying with @ proton/electron 1 ;qang doping into zIF-8 €O 90.57 KHCO, - [149]
transfer process, to form *COOH intermediate ab- Re-SURMOF co 93 KHCO, _ [150]
sorbed on catalysts surface. (“*" represent the sur- NU-1000 (Cu) co 31 28 [51]
face-coordinated state of the species.) (Il) The ab- Ag-doped Co,0, derived  CO 556 KHCO, ~100 [152]
sorbed *COOH intermediates are further electro- from MOF
) Single Ni atoms derived co 719 KHCO, - [153]
chemically reduced to *CO based on another from ZIF-8
proton-coupled electron transfer process. (lIl) After Pyrolysis ZIF-8 co 78 KHCO, ~100 [154]
that, the *CO desorbed from the surface of the cata- | CAFCOZIF-8 co 93 KHCO, ~100 [155]
. - . Pyrolysis Co-ZIF-67 co 94 KHCO;, ~100 [156]
lysts. Thus, the strategies for designing the idea cat-
alysts will focus on the aspects of enhancing the
capture and absorption of CO,, improve the proton
and electron conductivity, and control the adsorption strength
. . . Tailoring the metal
of the intermediates such as *COOH and *CO, which play key e
. . . . pores and structures
roles in the CO, activation. (Figure 18) —
Metal-organic frameworks show a promising application in d
boosting the areal concentration of CO, reduction catalysts Co,
L. [141,157] capture
due to their high surface area (Table 8). The porous and Moduaing ihe bty Taiorng the meta
ordered characteristics of MOFs allow the electrolyte and dis- Struckre, lnkers podes end {nkees
S . Selectivity of
solved CO, to permeate to the interior of the catalysts active o ee&';'z'tyo -~
| electrochemical
= reduction o
o c Coordinati i
Gt | oo Ghmaemen (= e
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Figure 18. Possible mechanism which determines the products of CO, elec-
trochemical reduction.
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conductive guest temperature

Figure 19. A schematic: Possible pathways for improving the electrochemi-
cal CO, reduction selectivity.
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shows a faradaic efficiency of 60% for CO. In addition, Yaghi
and Yang et al fabricate MOF-AI,(OH),TCPP-Co, which incorpo-
rated catalytic cobalt center and porphyrin units, as thin films
for selective reducing CO, to CO.["® The MOFs based modified
metal center in ligand owns more catalytic active adsorption
sites than those based on pristine ligands and thus enhances
the adsorption of CO,. It exhibits a high faradaic efficiency of
76 %, contributed by modified catalytic Co center in porphyrin
and the MOF frameworks. In situ spectroelectrochemical mea-
surement was utilized to comprehensively study the redox cat-
alytic centers in the MOFs and electronic structure of porphyr-
ins. Similarly, Dong and co-workers employed Fe-metallated
porphyrin-based PCN-222(Fe) for selective electrochemical con-
version of CO, to CO, showing a high faradaic efficiency of
91% for CO.'"¥ These results show the direction that modified
catalytic metal center into porphyrin linker and incorporated
them into MOF frameworks can optimize the selectivity of
MOFs for electrochemical reduction of CO,. Besides, rationally
deposition of MOFs as oriented thin film via liquid-phase epi-
taxy layer-by-layer technique can also expose the active sites
as much as possible. Liu and Sun et al reported Re-SURMOF
for CO, electrochemical reduction with a faradaic efficiency of
93% towards to CO."™ The high faradaic efficiency of Re-
SURMOF towards CO is ascribed to the oriented nature of SUR-
MOFs, which facilitate charge transport from the electrode to
the surface of the catalyst.

Although the porphyrin-based MOFs show a strong electron
hopping for charge transfer and highly orientation of thin films
offer the benefit for charge transfer, the conductivity of por-
phyrin-based MOFs is still unsatisfied. Tremendous efforts have
been made to improve the charges transfer of the MOFs based
materials. (Figure 20) Wang et al reported a strategy based
doping electron-donating molecule of 1,10-phenanthroline
into ZIF-8 frameworks as CO, reduction electrocatalysts with a
faradaic efficiency of 90.57% for CO generation.*® The elec-
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Figure 20. The developed strategies for the MOF-based materials for CO,
electrochemical reduction.
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tron-donating nature of phenanthroline promotes the adjacent
active sites of sp2 C atoms in imidazole ligand to have more
electrons. These electrons enable the generation of *COOH,
which enhance the faradaic efficiency towards CO production.

Alternatively, the pyrolysis of MOFs to MOFs derivatives
offers an opportunity for producing conductive carbon materi-
als and keeping the high porosity of MOFs precursor, facilitat-
ing the charge transfer from the electrode to catalysts surface
and expose the active sites as much as possible."* The cata-
lytic hetero-atoms can be introduced onto the electrode by
well-chosen of target MOFs and further improve the electrical,
chemical and functional properties of the carbon materials by
the pyrolytic process. In addition to that, the faradaic efficiency
of CO, electrochemical conversion to CO is enhanced.

There are three ways to introduce hetero atoms onto
carbon matrix based on carbonization of MOFs: (I) The intro-
duction of heteroatoms is based on metal nodes. Zheng et al
pyrolyzed MOF [AgCo,(pyz)PDC,I[Ag,Co(pyz),PDC,] into Ag-
doped Co;0, catalyst."*? The Ag-doped Co,0, catalyst shows a
faradaic efficiency of 55.6%, which is superior than MOF-525
films. The main reasons are ascribed that the homogenous
coved Ag and calcinated MOF itself improve the electron trans-
port properties and further boost the catalytic efficiency.
(I) The introduction of heteroatoms is based on organic li-
gands. Gascon et al reported that the calcination of ZIF-8 intro-
duce the heteroatom N from the imidazole organic ligands to
enhance the electrochemical reduction of CO,-to-CO, showing
a faradaic efficiency of 78% towards to CO."** Bao et al modi-
fied the ZIF-8 surface with ammonium ferric citrate and then
pyrolyzed them into MOF derivatives.* The Fe-N active sites
are found homogenous distributed and highly exposed to the
porous carbon matrix. The introduction of heteroatoms Fe
through surface modification increases the faradaic efficiency
of CO from 78% to 93%. (lll) The introduction of heteroatoms
is based on the porosity of MOFs. The hetero active ions/
atoms can load into the pores of MOFs before the composites
were pyrolyzed. In this case, the location environment (e.g. dis-
tribution, exposure, and structure, etc.) can be controlled
during the carbonization process. Li et al first synthesized ZIF-8
with a uniform rhombdodecahedral shape and further encap-
sulated Ni precursor into the pores of ZIF-8."** Then, the com-
posite was pyrolyzed at 1000°C to form Ni single atoms on
carbon matrix with N hetero-atoms. The prepared Ni single
atoms loaded on carbon matrix shows a CO faradaic efficiency
of 71.9. These reports show that the rational production of het-
eroatoms from pyrolyzing MOFs is one of the promising ways
to improve the selective electroreduciton of CO,-to-CO.

In addition, the pyrolysis of tailored MOFs can control the
coordination number of the active sites in the catalysts. Wu et
al first prepared bimetallic Co/Zn ZIFs as the precursor and af-
terwards evaporated the Zn and reduced the Co ions through
pyrolysis process to form single Co atoms anchored on N-
doped carbon matrix."*® By changing the pyrolysis tempera-
ture, different coordination number of single Co atoms can be
varying. For example, three atomically anchored Co catalysts
with different Co-N number can be obtained at 800 (Co-N,),
900 (Co-N;), and 1000°C (Co-N,), respectively. The studies
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show that the low coordination number of catalysts has the
fast dynamic in activation of CO, to the *COOH and thus boost
the CO, electroreduction activity. Thus, the Co-N, shows the
highest selectivity of 94% CO productions Faradaic efficiency.
(Figure 20)

Summarizing, achieving high Faradaic efficiency of electrore-
duction CO,-to-CO depends on the good balancing of the cap-
ture capacity, activation ability and adsorption strength of cata-
lysts with CO, and the responded intermediates.

The electroreduction of CO,-to-CO is a simple 2 electrons
transfer process. The high production of CO relies on the ad-
sorption, reduction of *COOH-to-*CO and fast desorption of
CO molecules. If the catalysts show weak stabilization of
*COOH (or *COO™), another two-electron transfer products for
generating formic acid or formate occurs. Kinogami and co-
workers prepared copper rubeanate metal-organic framework
(CR-MOF) for electrochemical reduction of CO, to formic acid
(HCOOH) with a selectivity of ~98% (Table 9)."” The high se-
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tion of catalyst surface to *CO results in high production of
CO. Whereas, the *CO intermediates are strongly adsorbed on
the catalyst surface. Then, the *CO intermediates will be react-
ed with another CO, molecule to produce *CO-CO," intermedi-
ate through C—O coupling. Furthermore, the formed *CO-CO,~
intermediates can be further reduced and hydrogenated to
CH,.

Han et al deposited Zn-BTC MOFs on carbon paper for elec-
trochemical reduction of CO,-to-CH,"™ By well control the
morphology of Zn-BTC and chose of lonic liquids as electro-
lytes, Han and co-workers achieved a faradaic efficiency of
80% for CO,-to-CH,. The high faradaic efficiency is ascribed to
the combination of Zn-BTC MOF electrode and lonic liquids.
The Zn-BTC MOF has higher CO adsorption ability than CH,.
Thus, the *CO intermediates preferred to be adsorbed on Zn-
BTC MOF electrode and further to be reduced to CH,. The
ionic liquids can serve as a concentrator for storing CO,. There-
fore, the Zn-BTC MOF electrode immersing in ionic liquids
shows a promising way to produce CH, from CO,
electrochemical reduction. Zhang et al also reported

Table 9. MOF based materials for electrochemical reduction of CO, to other products. that depositing Cus(BTC), as electrode based on gas
MOE Vo Selectivity Medi Faradaic  Ref diffusion electrode (GDE) for electrochemical CO,-to-
ain electivity eaium aradaic er. . .
Product(s) Efficiency CH, shows 2-3 fold enhancement of faradaic effi-
%] ciency for CH, comparing to blank GDE."® The in-
copper rubea-  HCOOH 134%  KHCO, 134 [160] crease 9f faradaic efficiency is ascribed to a high con-
nate centration of CO, adsorbed by Cu-MOF.
Cu,(BTC), H,C,0, DMF 51 [161] In addition, other hydrocarbons and alcohols such
Cu,(BTC), doping Methanol, KHCO, 47.2 [162] | as ethylene, methanol, and ethanol can be produced
with Ru Ethanol ia *CO di . h S d
ZneBTC CH, 85 ILs/CP 80.1 [63] via imerization approaches. Sargent and co-
Cu,(BTC), CH, NaHCO, 27 [164] workers synthesized Cu clusters with low coordina-
Calcinated CH, - KOH 45 [165] tion numbers based on the thermal distortion of
niﬂgl con (HCo 103 66 HKUST-1 Cu dimer and showed a faradaic efficiency
- - s . o L .
Cu,[CUTCPP] HCOO" B MeCN with 1w H,0 and 684 [167] of 45% for C,H,, which is the highest reported value
nanosheet 0.5 v EMIMBF4 among Cu-based MOFs catalysts."® Pérez-Yafez and
Cu-SIM NU-1000 HCOO® - NaClo, 28 [151] co-workers introduced Ru", Zn" and Pd" to the
Cu,0@Cu-MOF  CH, - KHCO, 63.2 (1681 | HKUST-1, which show a faradaic efficiency of 47.2%
OD-Cu/C MeOH - KHCO, 43.2 [169] t th | and eth (162
MOF-derived Cu  CH, - KHCO, 50 [170] 0 methanoland ethanol.
NPs In summary, product selectivity of electrochemical

lectivity of electrochemical reduction of CO,-to-HCOOH is con-
tributed to the proton conductivity, electronic conductivity,
nanopores and isolated reaction sites. The formatted *CO. is
easily pronated by proton and further formation of HCOOH. In
non-aqueous electrolytes, the format is possible to condense
to oxalate. The results of CR-MOF for CO, electrochemical
show that Cu-based MOFs may offer a feasible approach for
the noteworthy production of HCOOH by rational design of
the nanopores and frameworks.

By adjusting the adsorption capability of the catalysts to-
wards to reaction intermediates such as *COOH and *CO, dif-
ferent products of CO, electrochemical reduction can be ob-
tained. For example, *COOH or *COO™ is formed through CO,
adsorption and first electron reduction of CO,. If the *COO™ is
strongly adsorbed on the catalyst surface, the *CO intermedi-
ates is produced after gain another electron. The weak adsorp-
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CO, reduction is determined by the capture ability of
CO, and adsorption ability of reaction intermediates,
which are influenced by metal nodes, organic linkers,
grain boundaries, nanostructured morphology, vacancies, pore
size, oxidation states, areal surface area, and surface structures.
To enhance the faradaic efficiency of specific CO, electrochemi-
cal reduction products should be considered the overall pa-
rameters.

4. MOF-based electrocatalysts for practical
applications.

The as-studied electrocatalytic reactions are crucial for renewa-
ble technologies such as metal-air batteries and hydrogen pro-
duction. For example, reactions such as ORR and OER are sig-
nificant for metal-air batteries. MOF-based catalysts that show
advanced bifunctional ORR and OER would be promising for
such kind of metal-air batteries assembly. Besides, the assem-
bly of HER and OER will be the technology as water electrolyz-
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Figure 21. Scheme of MOF-based electrocatalysts for the potential application of devices and commodity chemicals. (a) Metal-ions batteries, (b) Li-sulfur bat-
teries, (c) Li-O, batteries, (d) supercapacitors. (a)-(d), copyrights from reference [171], Copyright 2019, Nature Publishing Group. (e) Pathways and selectivities
for renewable chemical synthesis. Copyrights from reference [172], Copyright 2019, AAAS.

er to generate clean hydrogen from water splitting. Exploration
of MOF-based catalysts with excellent activity both in HER and
OER could facilitate the production of hydrogen. Taking the ad-
vantages of high surface area and porous crystallinity, MOF-
based materials exhibit their good performance on ion inser-
tion and extraction as well as encapsulation of polysulfides. To
this point, MOF-based materials will be developed as metal
ions batteries, metal sulfur batteries (e.g. Li-S batteries, etc.)
and supercapacitors. For the specific introduction of the strat-
egies on bifunctional MOF-based catalysts and energy conver-
sion and storage devices, we would like to guide the readers
to the previous review, 2243171

Electrochemically conversion of CO, to various products
offer the technologies to produce many world’s needed
carbon-based commodity chemicals and turning the CO,
wastes to high-value chemicals and feedstock (Figure 21). As
discussed above, MOFs-based catalysts have shown their per-
formance for converting CO, to different products. However,
MOFs-based materials for electrochemical CO, reduction rele-
vant to practical application is still challenging. For the details
of the industrial application and marketing design of CO, elec-
trocatalysts, we would like to guide the readers to the previous
review."’?

5. Summary, challenges and prospects

Many strategies have been developed to improve the efficien-
cy and stability of MOF-based materials. These approaches
should allow researchers to optimize new generations of the
MOF-based electrocatalysts. Currently, the desired MOFs-based
materials can be obtained by adjusting the compositions, tai-
loring the metal nodes and organic linkers, controlling the
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morphology and rationally choosing substrates. The MOF-
based materials with high selectivity of electrochemical CO, re-
duction to specific products can also be achieved by well con-
trolling the synthesized engineering of MOF precursor prepara-
tion. These synthesized engineering concepts further can in-
crease the number of active sites and improve the intrinsic
characteristics of the catalysts, which in verse enhance the
electrocatalytic activities or the faradaic efficiency of CO, elec-
trochemical reduction. Based on the discussed strategies, some
prepared MOF-based materials have shown better OER electro-
catalytic activities than conventional noble metal-based materi-
als. For CO, electrochemical reduction, the selectivity of the de-
sired product can be improved. However, the electrocatalytic
activities of MOF-based materials for the HER and ORR are still
unsatisfied compared with the conventional Pt-based catalysts.
The biggest obstacle, which impedes MOF-based for electroca-
talysis systems, is their poor electric conductivity. Thus, explor-
ing MOF-based materials with high electric conductivity is still
demanding.

Currently, the MOF-based materials are usually utilized as a
powder phase and drop-casted onto a substrate surface for
electrocatalysis systems. In this case, the MOF-based materials
and substrate surface usually show weak compatibility, hinder-
ing the charge transfer from the surface of the catalysts to the
substrate surface and weakening the stability of electrocata-
lysts. The binder agents like Nafion solution are usually re-
quired, which would partially shield the active sites during the
electron transfer process. Thus, it could be promising for
future studies by growing the MOF-based materials as a thin
film directly onto the substrates.™ Deposition the MOF direct-
ly onto the substrate surface could tailor the morphology and
thickness of the film and maximize the active sites as much as
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possible. Besides, the chemical bond, instead of physical pack-
ing, could anchor the MOF firmly onto the substrate and fur-
ther facilitate the charge transfer and stability.

Additionally, the most used approaches for preparing MOF-
derived materials is the pyrolysis process, which is energy and
time-consuming. The facile one-step or in situ transformation
of MOF into active electrocatalysts could be promising for
future studies.®>>*2a The facile one-step transformation or in
situ transformation of MOFs could modulate the coordination
environment by well controlling the parameters of composi-
tions, structure and morphology, and substrates.

For practical use at the industrial scale, the current densities
over 100 mAcm ™2 are necessary. This is one order of magni-
tude higher than those normally reported in the literature. Be-
sides, the harsh conditions, such as strong alkaline environ-
ment and high temperature, are usually carried for the electro-
catalysts in the industrial application. However, the catalysts’
activity beyond these conditions and current density are
scarcely addressed in laboratories fundamental research stud-
ies. At this point, it could be meaningful for testing the well-
designed MOF-based electrode for real-life application. In
order to avoid the macro gas bubbles, which could hinder the
charge transfer and push the catalysts away from the sub-
strate, microelectrode could be a promising candidate for
future studies of MOF-based materials for industrial applica-
tions."”*
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